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ABSTRACT 

A prel iminary design s tudy  of t h e  ACCENT system is 
repor ted  i n  d e t a i l .  This s tudy  inc ludes  cons idera t ions  
of t h e  b a s i c  phys ica l  p rocesses ,  parametr ic  analyses  of 
system performance, recommended f a b r i c a t i o n  methods, and 
f i n a l  electro-mechanical design of t h e  complete system. 

Two e l ec t rogene ra to r  designs are proposed f o r  t h e  
ACCENT system, one with promethium-147-oxide f u e l  and t h e  
o t h e r  with s t ront ium-90-t i tanate  f u e l .  E i t h e r  of these 
e l ec t rogene ra to r s  could be in t eg ra t ed  with e i ther  a cesium- 
con tac t  ion t h r u s t e r  o r  with a charged-par t ic le  t h r u s t e r .  
When aerospace s a f e t y  design f a c t o r s  are included, i t  
appears t h a t  t h e  strontium-90 fue led  s y s t e m  with a charged- 
p a r t i c l e  t h r u s t e r  w i l l  be s u p e r i o r  f o r  app l i ca t ions  where 
t h e  s p a c e c r a f t  is not  s e n s i t i v e  t o  low l e v e l s  of r a d i a t i o n .  

The  f i n a l  recommendation of t he  s tudy  is t h a t  a proto-  
type ACCENT s y s t e m  h e  assembled and t e s t e d  as a proof of 
p r i n c i p l e .  In t h e  i n t e r e s t s  of economy, it is recommended 
t h a t  t h i s  prototype s y s t e m  be fue l ed  with promethium-147- 
oxide,  and be s i z e d  f o r  a 10-micropound charged-part ic le  
t h r u s t e r .  Concurrently w i t h  t h e  development of t h e  
promethium-I47 prototype s y s t e m ,  i t  is recommended t h a t  
f a b r i c a t i o n  methods and f l i gh t -p ro to type  designs be developed 
€or e lec t rogene ra to r s  of designs s u i t a b l e  f o r  ACCENT s y s t e m s  
w i t h  20- t o  350-micropound charged-par t ic le  t h r u s t e r s .  
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ACCENT DESIGN SUMMARY 

Both the cesium contact ion and the charged particle 
(Colloid) microthrust systems have received considerable 
study and hardware development over the past ur years for 
spacecraft application. Unique mission requ 
east-west station keeping of 24 hour geosynchronous, gravity 
gradient stabilized spacecraft have given rise to the 
10- to 20-micropound thrust electric rocket, North-south 
station keeping on similar spacecraft has also introduced 
the requirement for 300- to 500-micropound thrust level 
sys tems . 

The cesium contact ion microthruster is well suited to 
mission applications where the optimum specific impulse 
is above 4000 seconds. Presently developed colloid micro- 
thruster systems are best suited to applications where 
the optimum specific impulse is in the range below 1000 
seconds. For the above mentioned mission applications, the 
ion microthruster appears better suited for large AV 

requirements such as north-south station keeping but suffers 
in power efficiency for the relatively low AV east-west 
correction. 
east-west correction, but has some propellant weight penalty 
for large AV applications. Such comparisons are necessarily 
based upon existing state-of-the-art systems. 

The colloid system appears best suited to the 

A typical cesium contact ion system can be broken down 
into ten functional sub-assemblies as shown in Sketch A. 
The corresponding colloid system also can be broken down 
into ten sub-assemblies as shown in Sketch B. In such 
conventional systems, it is notable that electrical power 
is required for (a) ionizer heater, (b) vaporizer heater, 
(c) neutralizer heater, (d) high voltage supply, and 
(e) control electronics. 

The ACCENT System concept embodies an adaptati 
the electrostatic microthruster to provide a complete1 
self-contained and self-powered p Ision system. 
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accomplished by t h e  following: (1) u s e  of rad io iso tope  
thermal source f o r  i o n i z e r  o r  needle  thermal c o n t r o l ,  
( 2 )  use of  a r ad io i so tope  e l ec t ro -gene ra to r  for  h igh  vol tage  
s u p p l i e s ,  and ( 3 )  provis ion  f o r  incorpora t ion  of a thermo- 
e lectr ic  i so tope  genera tor  (RTG) f o r  n e u t r a l i z e r  h e a t e r s ,  
vapor izer  v e r n i e r  h e a t e r ,  and c o n t r o l  e l e c t r o n i c s .  I t  

can be seen ( a s t e r i c k  t e r m s )  i n  Sketch A o r  Sketch B t h a t  
such modi f ica t ions  would, i n  fac t ,  permit  a se l f -conta ined  
system concept wi th  only t h e  need f o r  command inputs .  
Also,  t h e  ACCENT System permits  f u l l  u t i l i z a t i o n  of conven- 
t i o n a l  system c a p a b i l i t i e s  such as t h r u s t  l e v e l  adjustment 
and two-axis t h r u s t  vec to r  de f l ec t ion .  Thus, t h e  o r i g i n  of  
ACCENT, o f :  Autogenetically-Controlled-Cesium - - - ( o r  co l lo id ) - .  
Electro-Nuclear-Thrust - - System. 

The ACCENT System design s tudy has revealed a number 
of important  advantages of t h i s  concept over conventional 
(non-nuclear) approaches. These may be summarized as fol lows:  
(1) ACCENT i s  completely self-powered. I t  i s  completely 
divorced from onboard power sources ,  thus  a f fo rd ing  a g r e a t  
s i m p l i f i c a t i o n  i n  t h e  s p a c e c r a f t  i n t e r f a c e  and i n  t h e  asso- 
c i a t e d  power saving which can now be used f o r  prime exper i -  
ments. 
power saving would be i n  t h e  range of 30 e l e c t r i c a l  w a t t s  
p e r  t h r u s t e r .  
( 2 )  ACCENT i s  se l f -conta ined .  The only requi red  i n t e r f a c e s  
are command inpu t s  and te lemet ry  ou tpu t s  t o  t h e  spacec ra f t .  
The system enc losure  can provide f o r  i ts  own thermal c o n t r o l ,  
r a d i a t e d  from t h e  s u r f a c e  of  t h e  envelope t o  space.  Space- 
c r a f t  i n t e r f a c e  c o n t r o l  requirements a r e  s u b s t a n t i a l l y  

reduced. 
( 3 )  ACCENT w i l l  have fewer t o t a l  component p a r t s  count than  
comparable convent ional  systems. 
should provide a h igher  r e l i a b i l i t y  than  e l e c t r o n i c s  involv- 
i n g  s o l i d  s t a t e  devices .  
c u r r e n t  surge  o r  a r c ing .  I t  reduces t h e  series l eng th  of 
c r i t i c a l  p a r t s  i n  high vo l t age  c i r c u i t s .  

For t h e  20-micropound ion  s y s t e m  t h e  a n t i c i p a t e d  

The h igh  vo l t age  genera tor  

I t  would e l imina te  f a i l u r e  due t o  

I t  should d r a s t i c a l l y  

i 
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’! r e d u c e  o r  e l i m i n a t e  t h e  need  f o r  c u r r e n t - l i m i t i n g  and  a r c -  

c o n t r o l  c i r c u i t r y .  

( 4 )  The i s o l a t i o n  o f  power s u p p l i e s  s h o u l d  r e d u c e  o r  e l i m i n a t e  

t h e  RFI t r a n s m i t t e d  t h r o u g h  c i r c u i t r y .  T h i s  o n e  f a c t o r  

may p r o v e  t o  be  h i g h l y  i m p o r t a n t  i n  t h e  u l t i m a t e  a p p l i c a -  

t i o n  o f  e lectr ic  p r o p u l s i o n  t o  l o n g  t e r m  communica t ions  

s p a c e c r a f t .  

i 

\ 

( 5 )  ACCENT c a n  g e n e r a t e  v e r y  h i g h  v o l t a g e s  ( d i r e c t  c u r r e n t )  

f o r  o n b o a r d  s p a c e c r a f t  u s e  o t h e r  t h a n  p r o p u l s i o n .  

The t o t a l  s y s t e m  d e s i g n  i s  somewhat m o r e  c o m p l i c a t e d  

f o r  t h e  c e s i u m  i o n  t h r u s t e r  a p p l i c a t i o n  t h a n  f o r  t h e  

c o l l o i d  t h r u s t e r  s y s t e m  due  t o  t h e  e x t r e m e l y  h i g h  tempera-  

t u r e s  r e q u i r e d  f o r  i o n i z e r  t h e r m a l  c o n t r o l  i n  t h e  fo rmer  

c a s e .  E x p e r i m e n t a l  d a t a  h a s  shown, however ,  t h a t  close 
t h e r m a l  c o n t r o l  w i l l  more t h a n  l i k e l y  b e  r e q u i r e d  f o r  

n e e d l e  t e m p e r a t u r e s  i n  t h e  c a s e  o f  t h e  c o l l o i d  s y s t e m .  

For p u r p o s e s  o f  d e s c r i b i n g  t h e  t o t a l  d e s i g n  a p p r o a c h ,  t h e  

ces ium i o n  a p p l i c a t i o n  w i l l  b e  used .  S k e t c h  C p r e s e n t s  a 

f u n c t i o n a l  l a y o u t  o f  s u c h  a sys t em.  I n  t h i s  case direct  

h e a t i n g  o f  t h e  i o n i z e r  b u t t o n  i s  employed t o  r a i s e  i t s  

t e m p e r a t u r e  t o  a p g r o x i m a t e l y  llOO°C. 
t o  r a d i a t i v e  h e a t  losses i s  h e l d  t o  a v e r y  l o w  v a l u e  by u s e  

o E  c o n c e n t r i c  h e a t  s h i e l d s  w i t h  wire s e p a r a t o r s .  T h i s  r e d u c e s  

t h e  c o n t a c t  a r e a  t o  a s m a l l  p o r t i o n  o f  t h e  h e a t  t r a n s f e r  

a r e a .  A t  o p e r a t i n g  t e m p e r a t u r e  r a d i a t i v e  l o s s e s  f rom t h e  

f r o n t  f a c e  o f  t h e  i o n i z e r  w i l l  b e a b o u t  3 w a t t s .  Assuming 

t h a t  t h e  f e e d  t u b e  i s  o n e - e i g h t h  i n c h  i n  d i a m e t e r  c a p i l l a r y  

t u b i n g ,  h e a t  losses a r e  e s t i m a t e d  t o  be 15  w a t t s .  The 

s u r f a c e  r a d i a t i o n  and  c o n d u c t i o n  l o s s e s  w i l l  b e  a f u n c t i o n  

o f  t h e  r a d i o i s o t o p e  employed.  I f  Pm203 were u s e d  i n  t h e  

h e a t  s o u r c e  w i t h  n ichrome V a s  r a d i a t i o n  s h i e l d s  and  w i r e  
s e p a r a t o r s ,  it a p p e a r s  f e a s i b l e  t h a t  l l O O ° C  s u r f a c e  tempera-  

t u r e  c o u l d  be  r e a c h e d  a t  a power o u t p u t  o f  65-80 t h e r m a l  

w a t t s .  C a l c u l a t i o n s  show, however ,  t h a t  t h e  s l o p e  o f  t h e  

t e m p e r a t u r e - p o w e r  c u r v e  i s  q u i t e  s e n s i t i v e  t o  c o n d u c t i v e  

losses i n  t h i s  r eg ime .  T h i s  means t h a t  e x a c t i n g  h e a t  

i n s u l a t i o n  must  b e  employed t o  r e a c h  s u c h  o p e r a t i n g  c o n d i t i o n s .  

The r a t i o  of c o n d u c t i v e  
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I f  curium-244 r ad io i so tope  sources  w e r e  employed, t h e  
surface t o  volume would be s u b s t a n t i a l l y  improved. I n  
t h i s  case t h e  i n c r e a s e  i n  power d e n s i t y  of t h e  r ad io i so -  
t ope  i n d i c a t e s  t h a t  30 thermal w a t t s  should be adequate.  
Direct hea t ing  of  t h e  i o n i z e r  may not  be t h e  p r e f e r r e d  
approach i f  thermal g r a d i e n t s  w i th in  t h e  capsule  are severe ,  
because of t h e  reduced temperatures  obta ined  a t  t h e  i o n i z e r  
su r face .  Another p o s s i b i l i t y  i s  t h e  h e a t  p ipe .  This  has a 
p o t e n t i a l  advantage i n  t h a t  t h e  h e a t  source  can be p h y s i c a l l y  
removed from t h e  r equ i r ed  bu t ton  p o s i t i o n  and thereby permit  
op t imiza t ion  of o v e r a l l  system geometry. 

I n  t h e  conf igu ra t ion  shown i n  Sketch C,  a concen t r i c  
c y l i n d e r  RTG i s  employed a t  t h e  o u t e r  per iphery  o f  t h e  i o n i z e r  
h e a t  s h i e l d ,  which provides  a h o t  j unc t ion  f o r  t h e  thermo- 
e lectr ic  genera tor .  The h e a t  s h i e l d  i s  designed t o  permit  
an ope ra t ing  temperature  i n  t h e  v i c i n i t y  of 700°F a t  t h e  hot  
junc t ion .  Thermal i n s u l a t i o n  €or  t h e  RTG w i l l  permit  a co ld  
junc t ion  temperature  i n  t h e  range of  150°F. 
e f f i c i e n c y  would be approximately 7%. The high-voltage 
e l ec t ro -gene ra to r  forms t h e  o u t e r  sub-assembly i n  t h e  con- 
f i g u r a t i o n  shown. I t  c o n s i s t s  of mul t ip l e  concen t r i c  
c y l i n d e r s  e l e c t r i c a l l y  i n s u l a t e d  E r o m  ad jacent  l a y e r s .  On 
a l t e r n a t e  l a y e r s  a t h i n  s u r f a c e  d e p o s i t  o f  Pm203 o r  o t h e r  
i s o t o p e  would be appl ied .  A l l  l a y e r s ,  so coa ted ,  are e lectr i -  
c a l l y  inter-connected.  The t o t a l  s u r f a c e  a r e a  requirement i s  
based upon op t imiza t ion  of  vo l tage-cur ren t  a t  a given t h r u s t  
level.  The b e t a  c u r r e n t  produced by t h i s  r ad io i so tope  would 
be c o l l e c t e d  and would f u r n i s h  t h e  r equ i r ed  h igh  vo l t age  
supp l i e s .  Regulation'would be maintained over  a given opera t -  
i ng  p o t e n t i a l  through use  of  convent ional  e l e c t r o n i c  c i r c u i t r y  
which would provide  a b i a s  t o  ground. The o u t e r  enc losure  
would s e r v e  as t h e  thermal c o n t r o l  sub-assembly and would 
inc lude  a method of s e a l i n g  t h e  i n n e r  containment when Eecessary.  
One technique would b e - t h e  use of  an i n e r t  gas p r e s s u r i z i n g  
v i a l ,  t o g e t h e r  wi th  a b u r s t  diaphragm and a s soc ia t ed  hea te r .  

Overa l l  RTG 

Once i n  a space environment, power can be app l i ed  t o  t h e  
h e a t e r  and t h e  p re s su r i z ing '  v i a l  ac tua t ed .  This  should be 



pipe is employed, it may be po 
cycle in two modes. 
by a thermal control unit. de 2 the he 
thermal input to the ionizer 
the vernier vaporize 
the RTG at low voltage. 

The ultimate configuration 
highly dependent up0 
may be necessary to place t 

to minimize diameter 
surf ace area. 

The use of radi 
the temperature rang 
investigation as o 
The next major step in this reg 
in nature due to th 
Pm203 may be inadequate from a power density standpoint, so 
tests wi 11 

igher temperatures coul 



xv i  

The use  of r ad io i so tope  sources  f o r  RTG devices  i s  also 
q u i t e  w e l l  developed a t  t h i s  s t age .  
convent iona l  u n i t s  
ACCENT conf igu ra t ion .  

vo l t age  e l e c t r o n u c l e a r  gene ra to r  (HV-EG). With t h i s  thought 
i n  mind, t h e  predominant emphasis of t h e  design s tudy descr ibed  
i n  t h e  fol lowing s e c t i o n s  d e a l s  wi th  t h i s  sub-assembly. It 

should be noted t h a t  any one o r  a l l  of t h e  t h r e e  design f e a t u r e s  
( i .e.  i o n i z e r  h e a t e r ,  RTG, HV-EG) could be incorpora ted  i n t o  
convent ional  systems. For example, a l l  power f o r  b i -polar  
l iqu id-spray  mic ro th rus t e r s  could h e  provided by two HV-EG of 
opposed p o l a r i t y  l o c a t e d  i n  t h e  s a m e  containment ves se l .  A 

modest amount of h e a t  would be requi red  fo r  needle  temperature ,  
and t h i s  could be provided from t h e  HV-EG hea t  rejection. I n  
b i -po la r  l iqu id-spray  t h r u s t e r s ,  a n e u t r a l i z e r  i s  no t  r equ i r ed ,  
so t h a t  i n  t h i s  a p p l i c a t i o n  of t he  ACCENT System, t h e  HV-EG 

would provide all. power needs. For o t h e r  a p p l i c a t i o n s  of t h e  
ACCENT System, information p r e s e n t l y  being developed on 
rad io iso tope-hea t ing  and RTG technology could be adapted t o  
t h e  p a r t i c u l a r  system design.  The major o b j e c t i v e  of t h i s  
des ign  s tudy  i s  t o  develop an understanding of the HV-EG to  
t h e  p o i n t  where it can be considered ready f o r  d e t a i l e d  
l abora to ry  hardware t e s t i n g  along wi th  t h e  former sub-assemblies . 

It  i s  a n t i c i p a t e d  t h a t  
cou1.d be d i r e c t l y  incorpora ted  i n t o  t h e  

* 

The major devel-opment a r e a  a t  t h i s  p o i n t  is t h e  high 

* Advanced Large M i l l i w a t t  Radioisotope Generator Study 
Program. Summary Brochure, Cont rac t  N o .  AT(30-11-3627. 
May 31, 1 9 6 6 .  
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ACCENT PARAMETRIC DESIGN STUDY 

The ACCENT system* is a type of auxiliary electric 
propulsion system1 in which a radioisotope electrogenerator 
is coupled with an electrostatic thruster through autogeneous 
controls to produce thrust in the micro-pound to milli-pound 
range. An ACCENT system with a cesium-contact ion thruster 
is shown diagrammatically in Figure 1, and an ACCENT system 
with a liquid-spray charged-particle thruster is illustrated 
in Figure 2. 

Electric power for the thruster is generated in the 
radioisotope electrogenerator by the direct conversion of 
decay-particle kinetic energy into electric potential energy. 
This action is analogous to the conversion of electron kinetic 
energy to electric potential energy in thermionic diodes. 
Auxiliary power requirements could be provided by radioisotope 
heating as in Figure 1, or by thermoelectric power for the 
system shown in Figure 2. 

Attainment of high electric potential with radium was 
suggested by Strutt' in 1903 , and actually demonstrated by 
Moseley3 in 1912. 
millicuries of radium was located in a thin-wall 1-cm dia- 
meter bulb supported by a 0.8 mm fused-silica rod in a 
silver-coated vacuum chamber. Although the beta current was 
only 

In the Moseley experiment, about 20 

amperes, potentials of 150,000 volts were reached. 

In 1924, Krarner4 reported some experiments done with 
radioisotope materials such as monazite' sand or radioactive 
ilmenite* coated directly on a flat plate electrode and 

*autogenically-controlled-cesium-electro-nuclear-thrust system, 
or autogenically-controlled-colloid-electro-nuclear-thrust 
system. ' (Ce,Nd,Pr,La)P04 (+Th3[PO4I4) 

f FeO Ti02 
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separated by an air gap from a flat-plate collector elec- 
trode. Batteries of this kind built by Kramer produced 25 to 
100 volts. Successful operation also was attained with no 
air gap, that is, with the radioisotope fuel layer in direct 
contact with the collector electrode. 

5 Pool pointed out in 1944 the possibility of using radio- 
isotope electrogenerators in vacuum tubes and electron micro- 
scopes, and remarked on the similarity to the Edison effect. 
Lobanev and Beliakov' reported in 1945 on a radioisotope 
electrogenerator which delivered 10-l' to lo-' ampere 
proposed a polonium-210 alpha-particle radioisotope electro- 
generator in 1946. 

7 Miller 

Linder8 reported in 1946 on plans to construct a beta- 
ray radioisotope electrogenerator. Notable reasons for this 
development were the longer range of beta particles, and the 
lower cost of beta-emitting radioisotopes. With the greatly 
increased availability of radioisotopes from the Manhattan 
Project, it appeared that Moseley's results could be exceeded 
several fold. 
a voltaqe of 365,000 volts had been attained with a 0.25-curie 
strontium-90 vacuum electrogenerator. Short-circuit current 
in this electrogenerator" was 1. O ~ X ~ O - ~  amperes, and pre- 
breakdown leakage current was of the same order of magnitude 
in the kilovolt range of operation. 
program* was done with solid-dielectric radioisotope electro- 
generators as reported by Linder and Rappaport 11r12 in 1953. 
Although the strontium-90 sources were only 25 to 250 milli- 
curies, current and voltage were generated, thereby demon- 
strating the basic feasibility of radioisotope electrogener- 
ators. 

In 1951, Linder and Christian' reported that 

Further work in this 

t 

Vacuum electrogenerators fueled with up to 6 curies of 
13-16 to polonium-210 have been developed by Anno, et a1 

* 
supported in large part by the Components and Systems 
Laboratory, Wright Air Development Center, Air Research 
and Development Command, United States Air Force. 
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generate about lo'* ampere at 100,000 volts. 
deltaerays (electrons) generated by the alpha particles 
leaving the radioisotope fuel layer, an electro 
grid is required in this type of electrogenerator. 

Because of 

Radioisotope electrogener 
propulsion have been proposed 
These proposed designs were fo 
levels and larger and recommended eit 
cerium-praseodymium-144 for the radioisotope fuel. Because 

lsen and Low 

! 

a 

of the necessity for a delta-ray suppression grid with alpha- 
emitting fuels as shown by Anno, the polonium-210 design 
concept appeared to be too heavy for primary propulsion . 
For this reason, the cerium-144 design concept is presently 
being investigated experimentally at the NASA Lewis Research 
Center. The NASA Lewis electrogenerator consists of two 
coaxial cylinders with cerium-144 deposited on the inner 
cylinder. There is a large vacuum gap between the cylinders 
to support the desired voltage of about 600,000 volts. 

19 

The ACCENT system differs basically from the NASA Lewis 
concept in that the ACCENT system is intended for auxiliary 
propulsion, while the NASA Lewis concept is intended for 
primary propulsion. Thrust levels for these two applications 
are vastly different, so exceedingly low specific mass is not 
essential for the ACCENT system. Because of the higher thrust 
level for primary propulsion, electrogenerator size is a 
crucial factor in the NASA Lewis concept. Primary-propulsion 
mission durations are usually less than one year, while 
auxiliary prapulsion for satellites may require durations of 
more than two years. Such differences in application require- 
ments result in basically different design phi 
that there is little in common between the NASA Lewis concepts 
and the ACCENT system. 

Fundamental Design Concepts 

Two design features must be determined before detailed 
parametric analyses can he done to find the optimum final 
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design: 
1. radioisotope type for electrogen 
2 .  electrogenerator geometrical configuration 

These design features have been discusse 
Design Report22, and in Appendixes of this report, 
discussion is summarized here in support of the re 
design features. 

Electrogenerator Radioisotope Fuel, The ACCENT system 
electrogenerator design study has been limited to conside 
ation of beta-emitting radioisotopes only. In principle, 
alpha-emitters could be used in the electro-generator, but 
then a grid is required to suppress the copious emission of 
delta electrons that accompanies alpha emission from a 
surface as discussed previously. Study of the ACCENT electro- 

for satisfactorily small generator size and weight. 
these circumstances, a suppression grid does not 

generator has shown that close-spaced electrodes are ess 1 
Under 

There are a number of beta-emitting radioiso 
have properties conducive to high performance electrog 
The preliminary design study has shown that four chara 
istics of radioisotopes are of major interest for use 
ACCENT system electrogenerator: 
end-point energy, and nuclear radiation. 

half life, volume activity, 

Activity decays of some typical radioisotopes are shown 
in Figure 3 .  
years duration, long half-life radioisotopes such as strontium- 
90 are attractive from the viewpoint of activity uniformity. 
For two- or three-year missions, promethium-147 would be 
satisfactory with some means for power flattening. 
auxiliary propulsion missions of only a few months duration, 
thulium-170 would be satisfactory. If uniform activity were 
not an important factor, then much more flexibility in choice 
would be possible. For example, if most of the propulsion 
requirement (e.g., AV) were required in the first portion 
of the mission, then shorter half-life radioisotopes 
be permissible or even preferable. 

For auxiliary propulsion missions of Several 

For 



”a I 
It is evident that the 

much bearing on radioisotop 
the present purposes of finali 

ble to require a half-life commensurate with a 
ission in order to 

of the ACCENT s 

Shielding weight can be a 

adequate demonstration 

weight of the ACCENT system, and so t 
ments are a very important factor in radioisotope selection. 
Before considering the shielding requirements it should be 
noted that a containment vessel will be needed, and that the 
shielding might serve the dual purpose of nuclear-radiation 
shielding and of containment. 
safety design features are discussed in a later section. 
It will suffice to point out here that a radioisotope such 
as strontium-90 could prove to be most attractive if electro- 
generator size is minimized. In other words, the containment 
vessel required for re-entry may be sufficiently thick to 
attenuate the strontium-90 bremsstrahlung to an allowable 
level, in which case, small electrogenerator size would 
become a dominant factor. 

These aspects of aerospace 

Beta-emitting radioisotopes have been surveyed in the 
preliminary design study. From an extensive list, a reduced 
list has been formulated within the following constraints: 

end-point energy: .2 to 2 MeV 
minimum half life: 115 days 
compound form: solid at room temperature 

The lower limit on end-point energy is to provide enough beta 
energy to escape a reasonably t k fuel layer, and the upper 
limit on end-point energy is to prevent excessive bremsstrah- 
lung. Other constraints include the requirement for negli- 
gible gamma emission, and practical availability. For 
example, cerium-144 is admirable in all respects except for 
the 2-Mev gamma emission which would require very heavy 
radiation shielding. 
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A l l  of the factors considered have led to the recom- 
mendation of the following radi 
ACCENT system: 

otope fuel fcJrms for the 

promethium-147-oxide 
strontium-yttrium-90-titanate 
thuli~m-170-oxide 

Of these, thulium-170 could be use 
missions, and pr~methium-147-oxide is the ea 
in fabrication and system development. 

Electrogenerator Geometrical Configuration. Analyses of 

electrogenerators such as in Appendixes A to D of this report 
have shown that there is a maximum value of beta-current 
density leaving the fuel-element surface, and that this max- 
imum value is reached when the fuel-layer thickness 
to the end-point-energy range for the particular rad 
fuel form. For this reason, radioisotope electrogenerators 
are current-limited devices, that is, the total electro- 
generator current is proportional to the fuel-layer surface 
area. In ACCENT electrogenerators conceived so far, the 
dominant mass will probably be the aerospace safety contain- 
ment shield, and this mass will be determined by the fuel- 
element surface area and electrode spacing in the electro- 
generator. 
the beta-current density arriving at the collector and by 
the total current requirement. 

,a 

Fuel-element surface area will be determined by 

Total current required from the electrogenerator depend 
on the type of electric thlruster, the thrust level, and the 
net accelerating voltage. This dependence is illustrated in 
Figures 4 and 5 for a thrust of 10-micropounds; exhaust-beam 
current J is proportional to thrust F for a given net 



where gc=9.896 m/sec 2 , I is specif 
and q/m is charge/mass ratio in cou 

From Figure 4, it is evident that there is not much 

rating voltages above 20 09 volts. The end-point 
energy of promethium-147 is 22  000 ev , so the range of 
interest for electrogenerator voltage is .1 of the end-point 
energy or less. As shown by Figure 5, this observation is 
valid also for charged-particle thrusters operating at 200,000 
volts net accelerating potential, because strontium-90 electro- 
generators would be used with such thrusters and the end-point 
energy for strontium-90 is 2.2 MeV. 

relative reduction in contact-ion thruster current for net 

Some possible electrogenerator geometries are illustrated 
in Figure 6. In each of these geometries, the intent is to 
provide a maximum emitter area in a given volume. 

Geometrical configuration does not have a major effect 
on collector current in cerium-144 electrogenerators for 
operating voltages less than .1 o f  the end-point energy, as 
shown ili Figure 7. The information in Figure 7 has been 
normalized from theoretical calculations for cerium-144 
electrogenerators21, and should, be valid for any beta-emitter 
electrogenerator that has a typical beta energy spectrum. By 
inspection of Figure 7, it is evident that very small radius 
ratios will provide nearly as much current as large radius 
ratios, for both concentric spherical and coaxial cylindrical 
configurations. This immediately implies that flat-plate 
configurations are roughly as effective as spherical or 
cylindrical configurations when the operating voltage is less 
than about .1 of the end-point-energy. 

This last observation has very important consequences. 
In effect, the conclusion is that spherical, cylindrical, or 
flat electrodes are roughly equally effective in generating 
electric current in the ACCENT system. The important conse- 
quence is that fabrication and mechanical design advantages 
probably will dictate which configuration is@the most 



desirable. There is lit 
figuration is superior with respect to 
or bonding. Cermets cou 
form, but spherical shap 
Cylindrical geometries 
be plagued with positi 

axial cylindrical geometry has 
shape for reentry. I 

_ _  . _  solved, then the coaxial-cylinder configuration would provide 
minimal total system weight because the aerospace safety 
containment vessel is the most massive component of the system. 
There would be no positioning problems with a solid dielectric, 
for the fuel-element/solid-dielectric/collector assembly could 
be rolled up like a cylindrical capacitor. However, calcula- 
tions in Appendix E indicate that solid dielectrics may fail 
due to radiation damage. An alternative to the continuous 
solid dielectric is the use of dielectric spacers that cover 
only a small fraction of the total electrode surface area, 
as discussed in a later section. The dielectric-spacer design 
concept is equally applicabie to coaxial-cylinder, circular- 
disc, or flat-plate geometries, and is therefore treated here 
simply as a means for providing mechanical integrity of 
electrogenerators with close-spaced electrodes. 

From this discussion, it is concl.uded that the flat- 
plate geometrical configuration is the best c 
initial stages of ACCENT system prototype development. A 

typical flat-plate configuration is shown in Figure 6(a). 
Analysis of this configuration is described in detail in 
Appendixes A to D of this report. This configuration is use@ 

information for most aspects 
The modular design feature 

nd circular-disc geometries illustrated in 
ial advantage in providing the various 

ents required by electrostatic thrusters over 

pnd as the source 
design study 

t levels. The ultimate flight configuration 



may well 
analyses 
also. 

be 
des 

9 

may well be the cylindrical 
analyses described in the ne 
also. 

so the parametric 
n include this geometry 

the cylindrical so the parametric 
cribed in the ne n include this geome 

Parametric Performance Analysis 

Performance of the ACCEN 
on the performance of the elect 
ing between electrogenerator a 
Thruster characteristi the state-of--t 
in electrostatic thrus. 
experimental thrusters into a flight-prototype status. There- 
fore, the primary variables in the ACCENT system performance 
analysis are those of the electrogenerator; for example, it 
is assumed that the electric thruster can be designed to meet 
the current-voltage characteristic shown in Figures 4 and 5. 

In the interest of completeness, only minimal constraints are 
placed on the parametric study with regard to fabrication 
feasibility, for such constraints are discussed in a later 
section. 

Electrogenerator Current. Beta-current density leaving the 
fuel-layer surface is treated theoretically in Appendixes A 
to D. Losses due to pre-breakdown, secondary-electron, 
reflected-primary, and ohmic-leakage currents are discussed 
in Appendix E. 
analysis. 

These results are used throughout the present 

Beta-current densities leaving the fuel-layer surface 
in Pm203 , 90% dense, electrogenerators are shown in Figure 
8. In preparing this figure it was assumed that the support 
foil, or substrate, would be much thicker than the Pm203 
fuel layer, so that all betas emitted toward the support foil 

. As shown in Appendix C, not much gilin in 
current can be realized from Pm203 fuel-layers 
4.005 cm (2-mil). r these reasons 
ty for T~ = ,005 cm shown in Fi 
roughout the parametric study o 

e 8 is used as 
r0methj.w-147- 



Strontium-90 betas have a much greater range than those 
from promethium-147, so thin support foils are certainly 
feasible in SrTi03 electrogenerators, For example, a 10-mil 
aluminum support foil will allow many beta particles to pass 
through, and in this way the beta-current dens 
augmented if the fuel layer is placed on' 
support foil. The method deve 
for beta losses in solid diele 
lating the current augmentatio 
R e s u l t s  of such calculations f 
90% dense, electrogenerators 
figure can be compared directly with Figure C15, and from this 
comparison, it is clear that rearward-emitted betas make a 
very significant contribution. 
plotted in Figure 10, and it is evident from this figu 
that a 0.10-cm fuel-layer thickne will provide near1 
much current as a 0.20-cm fuel-layer thickness. 
words, 
the current is reduced by only 5%. 

These results are cross 

In other 
the inventory of Sr-Y-90 can be reduced to 1/2 and a 

If very thin substrates, say, 0.5-mil aluminum foil, 
could be used in promethium-147-oxide electrogenerators, 
then the radioisotope inventory could be reduced with essen- 
tially t h e  same primary-beta current density. 
thin foils are feasible remains to be seen, Also, cermet 
fuel elements could provide the same kind of advantages as 
thin support foils do, if the cermet can be made thin enough. 
Because of the matrix material in cermets, primary-beta 
current is reduced somewhat as described in Appendix G, but 
this reduction can be Less than the gain provided by rearward-. 
emitted betas if the cermet is thin enough. 
from the 0.005-cm Pm203 and 0.10-em SrTi03 , both 90% dense, 
fuel layers are minor, so the primary-beta-current-densities 
shown in Figures 8 and 10 are used throughout this analysis. 

Electrogenerator current-density can be estimated quite 
Secon- 

Whether such 

These deviations 

simply with the information contained in Appendix E. 

beta current, and primary-electron reflection is estimated to 
\ dary-electron current is estimated to be about 3% of primary- 
i 
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% of primary-bet rent. These two mechanisms 
comprise a total of 23% lea 

er words, electrogenerator 
values~ shown in Fig acuum-dielectric 

electrogenerators . Gas-di electric electro- 
generators probably would ndary-electron 
leakage current, but most of reflected primary electrons 
would be returned to the emitter. Since the 3% difference 
between vacuum-dielectric and gas- or solid-dielectric 
electrogenerator current density is small, the 23% leakage 
current is assumed throughout this analysis. 

Electric Field Strength. As noted previously, it is of 
crucial importance to minimize the volume of the ACCENT 
electrogenerator in order to minimize the mass of the aero- 
space-safety containment vessel This requirement immedi- 
ately implies that the inter-el trode gap between the fue 
element and the collector must be as small as possible for 
the given operating voltage. Small spacing for a given 
voltage results in a high electric field strength. In fact, 
the maximum allowable electric field strength will dictate 
electrogenerator size. 

As discussed in Appendix E, data for vac 

6 
electrode systems show that electric field strengths of 10 
to 10 volts/cm can be held without appreciable pre-breakdown 

electric breakdown. In principle, even 
strengths can be attained with SF6 gas dielectric, 
high gas pressures are equired, as illustrated 

electric strengths pyrolytic boron 
~i poly-para-xylylene, and polyimide solid 
sted in Table E2, and these correspond to 
renqths of 1.6~10~ to 2.8~10 
rength with solid dielectrics is important 

6 volts/cm. 

also when th 
elements and ollectors in vacuum- or gas-dielectric electro- 

solid is used as a separator between fuel 

generators. 
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It is not possible to predict with certainty an exact 
value o f  allowable electric field strength for the ACCENT 
electrogenerator. Only direct experience in the development 
of the electrogenerator can provide reliable values for 
electric field strength. For this reason, the recommended 
electrogenerator design will have provision for varying the 
emitter/collector spacing over a reasonably wide range. In 
the light of the experimental evidence for vacuum-, gas-, 
and solid-dit?l.ectrics, the range of interest for electric 

6 field strength is taken to be lo5 to 10 
parametric study is done over this range. 

Rectangular Flat-Plate Electrogenerators. The feasibility 
of fabricating electrogenerator fuel elements by various 
methods is discussed in Appendix G. 
configurations, it is concluded in that Appendix that 1x6- 
inch rectangular flat-plate fuel-elements could be fabricated 
with confidence within the existing state-of-the-art. It is 
of interest, therefore, to include this particular configur- 
ation in the parametric performance analysis. 

volts/cm, and the 

Of the many possible 

It is assumed that the fuel elements consist of 1x6-inch 
fuel layers of promethium-147-oxide or strontium-90-titanate 
on two sides of 10-mil aluminum support foils. 
fuel-layer area on each fuel element (total of both sides) 
is known, and since the exhaust-beam current requirements 
for cesium-contact and charged-particle thrusters are known 
(Figures 4 and 5), then the electrogenerator current density 
(77% of values in Figures 8 and 10) can be used to calculate 
the number of fuel elements required for a 10-micropound 
thruster. Mission duration must be included as another 
parameter in this calculation because of the activity decay 
of the radioisotope fuel. Results of such calculations are 
shown in Figures 12 to 15. The comparatively large number 
of fuel elements required for the cesium-contact ion thruster 
is due to the large ion-beam current requirement for this 
type of thruster as illustrated in Figure 4 .  
small number of fuel elements required by charged-particle 

Since the 

The relatively 
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thrusters is indicative of the better match between thruster 
and electrogenerator characteristics affordqd by the chnrged- 
particle thruster. This improved m thing of thruster to 
electrogenerator is due to the much ller values of q/m 
which greatly reduce the exhaust beam curr as shown by 
equation (1). In fact, it ca rically at thi 
point that the charged-partic 
the contact-ion thruster for integration in the ACCENT system: 
however, the contact-ion thruster can still be used effectively 
in the ACCENT system. 

s much super 

Size of the electrogenerator with a rectangular flat- 
plate configuration can be expressed in terms of the total 
height H of a stack of 1x6-inch fuel-elements and collectors. 
Typical designs for promethium-147-oxide and strontium-90- 
titanate electrogenerators are shown in Figures 16 and 17. 
In each of these designs, the total height H is: 

H=nh ( 2 )  

where n is the number of fuel elements, and h is the 
height occupied by one fuel element, the two inter-electrode 
gaps, and half of each of the two collectors: 

( 3 )  - -(Tc f 2Tf f Ts) f 29 

Fuel-layer thickness T~ has been assigned in the previous 
text as 0.005-cm for the promethium-147-oxide electrogenerators 
and as 0.10-cm for the strontium-90-titanate electrogenerators. 
A support-foil thickness of 0.010-inch has been mentioned as 
being feasible from the fabrication standpoint (see Appendix 
G), and aluminum is d good material from the standpoint of 
low bremsstrahlung production as discussed in connection with 
aerospace safety in a later section. For the same reason, 
aluminum is indicated as the collector material in both Figures 
16 and 17. 
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The IO-mil aluminum collector in Figure,l6 is more than 
sufficient to stop all betas from promethium-147; that is, 
the range of betas with the end-point energy of 0.223 MeV is 
about 0.008-inch in aluminum. However, the end-point energy 
of betas from strontium-90 is 2 .28  MeV, and these have a 
range of about 0.18-inch in aluminum. Since most of the 
betas leave the fuel-layer surface at angles much less than 
the surface-normal, it is reasonable to expect that nearly 
all the betas can be stopped in a collector with a thickness 
less than that required to stop end-point betas at a normal 
incidence. For this reason, a collector thickness of 0.125- 
inch is assumed adequate for the present design analysis. In 
a final flight-prototype strontium-90-titanate electrogenerator, 
the optimum design will minimize electrogenerator volume and 
minimize beta current passing completely through the collector. 
It is possible in principle to make theoretical calculations 
of energy and angle-of-incidence of betas arriving at the 
collector, such as reported'' for cerium-144 electrogenerators 
with the assumption of straight-line paths of betas within the 
fuel-layer. Exact calculations require results from Monte 
Carlo methods23, and such calculations are beyond the scope 
of the present work. 

Total heights of 1x6-inch flat-plate promethium-147- 
oxide and strontium-90-titanate electrogenerators are shown 
in Figures 18 and 19 respectively. 
an inter-electrode electric field strength of 
volts/cm. For example, from Figure 18 a promethium-147-oxide 
electrogenerator with a contact-ion thruster, for a mission 
duration of two years, and an operating voltage of 4=2000 
volts, could consist of five stacks of 1x6-inch emitter/ 
collector arrays each stack being 5.3-inch in height (ie, 
each stack would be lx6x5.3-inch, not including support 
structure). 
could be used with the promethium-147-oxide electrogeneratqr, 
dramatic reductions in the total height H could be effected 
as shown in Figure 18. 

All of these arrays have 
+/g=105 

If a charged-particle electrostatic thruster 
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By comparing Figures 18 and 19, i 
strontium-90-titanate ACCENT elect 
siderably smaller than the prometh 
generators for long mission durations. It,is notable that very 
thick aluminum collectors and thick fuel layers have been speci- 
fied for the strontium-90-titanate electrogenerators. Aluminum 
was chosen as the collector material because of the relatively 
low primary-electron backscattering coefficient as shown in 
Figures E4 and E5. If tantalum were used as the collector 
material, the backscattered current would be about three times 
greater than with aluminum collectors, so that: 

jTa/ jA1= (1- .03-3x. 20) / (1- .03-. 2 0) =. 37/. 77=. 48 (4) 

where the term .03 represents the leakage current due to 
secondary electron emission. A measure of electrogenerator 
volume is the ratio h/j where h is the module dimension 
given by equation (3), and j is the electrogenerator current 
density. The ratio of h/j for aluminum and tantalum collector 
designs is: 

The end-point-energy range of betas in aluminum is 0.458-cm 
(see Appendix Bl), but the collector thickness is assumed to 
be only 70% of the end-point-energy range, ie, ~~=0.318-cm. 
In tantalum, the end-point-energy range is 0.0622-cm, so the 
collector thickness can be assumed to be 
For a fuel-layer thickness of 
thickness of 

~~=0.046-cm (18-mil). 
~~=O.lO-cm, and a support-foil 

-rs=lO-mil, equation ( 5 )  becomes: 

(h/ j 1 Al/ W j  1 Ta=. 4 8 ( .215+2g) / ( .108+2g 1 (6) 

The ratio expressed by equation (6) is less than unity for 
all inter-electrode spacings, e.g., for g=0.1-inch, the ratio 
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is 0.73. If the fuel-layer thickness were substantially 
reduced, there would be some gain with tantalum collectors, 
but this would be more than offset by the reduced current 
density (see Figure 9). For example, if the fuel-layer 
thickness were reduced to 0.05-cm, then h=175-mil with the 
125-mil aluminum collector and with a negligible gap g, so 
that a reduction in h of .175/.215=0.81 would be effected. 
However, by inspection of Figure 10, it can be seen that 
current density would be reduced by a factor of 305/377=0.81 
at Ip=O volts, and by a factor of 181/254=0.71 at +=100,000 
From these calculations it is concluded that aluminum is a 
superior material to tantalum for the collector electrode, 
but that other materials such as beryllium might prove of 
interest. Further studies of other materials will depend 
on the available data on electron backscattering coefficients. 

Electrogenerator size can be reduced significantly with 
higher electric field strengths, ie, with closer spacing 
between emitter and collectors for a given operating voltage. 
The effect of electric field strenqth is illustrated in 
Figure 20 for promethium-147-oxide electrogenerators with 
cesium-contact ion thrusters. Although higher field strength 
greatly reduces the size of promethium-147-oxide electro- 
generators, the closer spacing between emitter and collector 
may bring about mechanical design problems. For example, an 
electrogenerator operating at 4=20 , 000 volts, and 4/g=106 
volts/cm would have a total height of H=12-inches, but the 
electrode spacing would be 
Whether such close spacings will be feasible must be answered 

g=0.02-cm, which is only 0.008-inch. 

in development phases of the ACCENT system. 

Cylindrical Electrogenerators. Cylindrical electrogenerators 
with circular-disc electrodes as shown in Figure 6 ( d )  have a 
size dependent on the emitter surface area 
quired to provide the current J : 

S that is re- 

S=J/j (7) 

where j is the electrogenerator current: density. Emitter 
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area for circular discs is: 

(8) 
2 S=2(nD /4)n 

where the factor 2 accounts for fuel layers on both sides of 
the disc, I) is the fuel-layer diameter,. and n is the numuel 
of fuel elements. Length L of the stack of circular discs 
is : 

L=nh (9) 

where the module height h is qiven by equation ( 3 ) .  Com- 
bining equations (8) and (9) : 

(10) 2 S=$-rrD L/h 

Emitter surface area 
figuration shown in Figure 

n 

k= 0 
s= c Sk 

S in the coaxial cylinder con- 

6(b) is: 

(11) 

whre Sk is the surface area of a particular cylindrical 
fuel element: 

Sk=2 (2~rr~L)=4aL (ro++h+kh) (12) 

where ro is the radius of the innermost collector, and h 
is the module dimension given by equation ( 3 ) .  The sum of 
the arithmetic progression formed by combining equations (11, 
and (12) is: 

n 

k= 0 
S=4aL (ro+%h+kh) 

=4nLn[ro+%h+% (n-1) h] 
=4 nLn ( ro+$nh) 

Outer diameter D of the array is the diameter of the outer- 
most collector, so: 

(14’ 1 D=2 ( rn++h) =2 [ ro+ (n+l) h 
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From equation (14), the number n of fuel elements is: 

When the electrogenerator contains a large number of fuel 
elements, 
be simplified to: 

+T)*r0 , and D/2h* 1, so that equation (15) can 

nGD/2h (n>> 1, D/2 ro) (16) 

With this expression for n, equation (13) becomes: 

S=4nL (D/2h) [ ro++h (D/2h)] 
++nD2L/h (n>> 1, D/2 >> ro) (17) 

which is identical to equation (10). From this analysis, it 
is evident that circular-disc and coaxial-cylinder geometries 
will have approximately the same emitter surface area if the 
module dimension h is the same, as well as the cylinder 
outer dimensions. The same observation should hold true for 
the spiral-wound cylindrical geometry shown in Figure 6(c), 
therefore all three cylindrical configurations should have 
equal size for a given electric current requirement. 

Fuel-layer diameters for promethium-147-oxide electro- 
generators are shown in Figures 21 and 22 for L/D ratios of 
1.0 and 3.0 respectively. It is notable that the inner 
diameter of the containment vessel will be somewhat larger 
than the fuel-layer diameter because of support structure 
around the periphery of the electrode discs. This will be 
true to a lesser degree for the coaxial-cylinder and spiral- 
wound cylindrical configurations. 

The information shown in Figures 21 and 22 can be used 
to scale the ACCENT system to other thrust levels by noting 
that electric current J is directly proportional to thrust 
at a given voltage and q/m, as shown by equation (1) For 
example, a charged-particle thruster with q/m=4000 coul/kg 
might be operated at 10,000 volts with g/g=106 volts/cm, and 
the fuel-layer diameter for 350-micropounds thrust would be 
2.8 (35) 1/3 =2.8x3.27=9.2-cm (3.6-inch) . By inspection of 

t 
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equation (I), a q/m=lOOO coul/kg would provide a reduction 
in fuel-layer diameter by a factor of 0.51/3=.794, so the 350- 
micropound thrust system could have an electrogenerator dia- 
meter of somewhat over 7.3-cm (2.9-inch). 

. The mass of the ector , 
the support foil, and the radioisotope fuel can be expressed 
in terms of mass/area as shown in Table I for the design 
concepts described in previous sections. These values of 
specific mass only account for the active areas of the electro- 
generator; support structure mass will depend on the particular 
geometry used. 

Values of fuel-layer specific mass in Table I for the 
strontium-90-titanate electrogenerator designs are much 
higher than for the promethium-147-oxide design, so the vari- 
ation of fuel-layer specific mass with fuel-layer thickness 
T~ is of interest. The ratio of mass/current can be formed: 

(18) 2 2 (kg/m ) / (microamp/m ) =T a/ j 

where u is density of the radioisotope fuel form (Table Bl). 
This specific mass (kg/microamp) is shown in Figure 23 for a 
range of fuel-layer thickness 
voltage 4 .  From this figure, it is evident that thinner 
fuel layers will provide a lower specific mass, but it must 
be noted that the current density is less for thinner fuel 
layers, so the emitter area must increase as fuel-layer thick- 
ness is decreased. This increase in emitter area will result 
in larger electrogenerator size, and in a more massive con- 

T~ , and electrogenerator 

tainment vessel. 

Minimum system weight can be achieved only by an optimiz- 
ation procedure22, and this optimization must include all 
components such as the electrogenerator and its containment 

1, the thruster, the cabling and controls, and the 
propellant and tank. 
on a numbex of rs such as allowable field strength, so 
the primary fun 
needed for fbe fi imization. 

The final optimized design will depend 

of this section is to provide information 



Mass of strontium-90-titanate electrogenerator com- 
ponents, the collector, the fuel, and the support foil, can 
be calculated from the information presented in previous 
sections. The total mass of these components for a 10- 
micropound cesium-contact ion thruster ACCENT system is 
shown in Figure 24 for a range of fuel-layer thickness and 
electrogenerator voltage. Internal support structure and 
containment vessel masses are not included in Figure 2 4 .  

Although the thinner fuel-layer thickness would result in a 
lighter electrogenerator component mass, the electrogenerator 
current density would be reduced thereby causing an increase 
in electrogenerator size and an increase in containment-vessel 
mass. 

Component masses of promethium-147 electrogenerators for 
10-micropound thrust ACCENT systems are shown in Figure 25. 
The marked superiority of the charged-particle thruster is 
clearly shown by the very low component masses for q/m= 
4000 coul/kg. This superiority is illustrated again in 
Figure 26 where component masses are shown for 350-micropound 
charged-particle thruster ACCENO? systems for a range of q/m 
and electrogenerator voltage. 

Propellant mass and tankage may be significant in 
assessing the total system mass. Propellant weight W is 
simply: 

Pr 

Where F is thrust in pounds, t is propulsion time in 
seconds, and I is specific impulse in seconds. Propulsion 
time may be related to mission time by specifying a duty cycle. 
Weight of propellant for charged-particle electrostatic 
thrusters is shown in Figure 27 for a range of specific impulse 
and thrust levels, all for a propulsion time of two years. 
For lower duty cycles, the propellant weight shown in Figure 
27 may be multiplied directly by the duty-cycle fraction to 
obtain actual propellant weight. 
lines of constant q/m to relate specific impulse and net 
accelerating voltage. 

Also shown in Figure 27 are 
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Containment vessels probably will contribute a large 
share of the ACCENT system total mass. A detailed design 
analysis of aerospace safety features of the ACC 
is beyond the scope of the present study, so a definite 
estimate of containment vessel mass cannot be made here, A 
conservative design for the vessel might be a 0,l-inch thick 
tantalum wall with an outer coating of ceramic, as discussed 
in a later section. To provide some means for making at least 
a rough estimate of system weight, it is assumed here that the 
containment vessel might be approximated with a 0.125-inch 
tantalum wall thickness. Masses of tantalum cylinders are 
shown in Figure 28 for a range of diameters and length/diameter 
ratios. These values will be used in the example system 
optimizations described in the next section. 

System Optimization. Total mass of the ACCENT system is one 
of the most important performance parameters. System mass can 
be minimized by choosing optimum design parameters such as 
electrogenerator voltage. For example, the combined mass of 
the electrogenerator and the containment vessel can be mini- 
mized for ACCENT systems where propellant mass is negligible 
and where thruster mass can be assumed constant. Such an 
optimization will provide an optimum total system design with 
respect to mass. 

The combined masses of promethium-147 electrogenerators 
and containment vessels for 10-micropound cesium-contact ion 
thruster ACCENT systems are shown in Figure 29 for a range of 
electrogenerator voltage, electric field strength, and for 
two vessel wall thicknesses. Internal support structure is not 
included, because the structure mass will depend strongly on 
the type of configuration. The structure mass, thruster mass, 
and electrical-system mass could be added to the values shown 
in Figure 29 to obtain the total system mass. Propellant mass 
is not included because it is negligible compared to the values 
shown in Figure 29. 

The combined mass of promethium-147 electrogenerators and 
containment vessels for 350-micropound charged-particle thruster 
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ACCENT systems ia shown in Figure 30 for a range of electro- 
generator voltage and charge/mass ratio. Charged-particle 
thrusters with q/m=lOOO coul/kg would provide the lowest 
mass shown in Figure 30. However, inspection of Figure 27 
indicates that propellant mass may become appreciable, in 
fact may become more than the combined electrogenerator and 
containment vessel mass, if a 2-year 100% duty-cycle missio 
is specified. A lower duty cycle would reduce the propella 
mass, but it Still might be advantageous to operatk at a 
higher specific impulse. This could be done either by in- 
creasing the charge/mass ratio at the expense of system mass, 
or by operating at a higher voltage. 

Optimization of fuel-layer thickness can be important 
to total system weight, especially if thin support foils 
can be used. For example, the primary beta-current densities 
for promethium-147-oxide, 90% dense, electrogenerators with 
0.5-mil aluminum support foils are shown in Figure 31. The 
contribution from rearward-emitted betas is included in 
Figure 31. From this information, the combined mass of the 
containment vessel and the electrogenerator for a 350-micro- 
pound, 1000 coul/kg charged-particle thruster has been cal- 
culated, and is shown in Figure 32. From this particular 
optimization study, it can be concluded that a fuel-layer 
thickness of 0.002 cm will provide minimum system mass. 
However, there is less than 1-lb difference between the 
0.002-cm design and the 0.001-cm design, so the greatly 
reduced radioisotope inventory probably would dictate the 
0,001-cm design. 

As illustrated with these examples, the optimization 
procedure is straightforward if a mission is specified, and 
if the aerospace safety requirements for the containment 
vessel are specified. 

A final observation can be made from these examples: 
the ACCENT system appears to be definitely competitive with 
other auxiliary propulsion systems’, providing the electro- 
generator can be developed with small inter-electrode spacings 
and with adequately high electric field strengths. 
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MROSPACE SAFETY CONSIDERATIQNS 

Aerospace safety has a great number of ramifications 
to the design of flight-prototype ACCENT systems. There 
are two primary factors involved in aerospace safety: 
nuclear-radiation shielding and radioisotope containment. 
Both of these factors can be strongly affected by environ- 
mental conditions, by interactions with the spacecraft, 
and by abnormal circumstances. 

A comprehensive study of aerospace safety considerations 
is beyond the scope of the present work, primarily because 
of the preliminary nature of the ACCENT design study. When 
more definite designs are specified in the future, then a 
comprehensive aerospace safety analysis will be possible and 
in fact, mandatory. However, it is possible to define a 
few basic design parameters that have a direct influence on 
the present preliminary design study. 

Nuclear Radiation Shielding 

Nuclear radiation dose rates from promethium-147 and 
strontium-90 radioisotope sources are shown in Figures 33 
and 34 for various amounts of shielding. 24 
curves include the eEfect of self-shielding of the bremsstrah- 
lung, except for the 1- and 10-thermal-watt curves in Figure 
34 which are simple extrapolations from the 100-thermal-watt 
curve for strontium-90. The low-slope portions of the curves 
in Figure 3 3  are due to gamma radiation from the promethium- 
146. The steep-slope portions of the curves in Figure 3 3 ,  
and all of the curves in Figure 34 are due to bremsstrahlung. 

These dose rate 

' lrlfhen a beta particle leaves the nucleus in the decay 
process, radiation is spontaneously emitted and is called 
ipteynaa byeqlsstrahlung. When the beta particle is slowed 

Ing through matter, radiation is emitted and is 
pal bremsstrahlung. The relative proportion of 

internat and external bremsstrahlung depends on the photon 
energy and op ihe material in which the beta is being slowed 
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down. 
produced by the decay of strontium-yttrium-90 and by the 
slowing-down of betas in strontium titanate i s  shown in 
Figure 35. At the intermediate energies, from 0.1 to 1.0 
MeV, external bremsstrahlung is about five times as intense 
as internal bremsstrahlung; while in the high energy range 
above 1.0 MeV, external and internal bremsstrahlung have 
about equal intensity. 

For example, the spectral di~tribution~~ of radiation 

Internal bremsstrahlung is a function of the nuclear 
decay process only, but external bremsstrahlung intensity 
is a strong function of the material in which the beta 
particle is slowing down . This relation between external 
bremsstrahlung and the material is illustrated in Figure 36. 
If the beta particle slows down in beryllium, the external 
bremsstrahlung would be about 1/10 of that generated ,by the 
beta particle slowing down in strontium (atomic number, 3 8 ) .  
While this ideal condition cannot be fully achieved in the 
ACCENT electrogenerator, it probably can be approached in 
practice to greatly reduce the external bremsstrahlung. 
example, if 0.05-cm fuel layers were used, then inspection 
of Figures A7 and B4 shows that only a small portion of the 
yttrium-90-end-point beta energy would be lost in passing 
through the strontium-90-titanate fuel layer. If the re- 
mainder of the beta energy were absorbed in a beryllium 
collector, then the external bremsstrahlung would be con- 
siderably reduced in intensity. 

26 

For 

Exact calculation of bremsstrahlung generation and 
self-shielding in ACCENT electrogenerators is beyond the 
scope of the present work. However, from the discussion so 
far, it can be concluded that the dose-rate curves in Figure 
33 might be reduced by half an order of magnitude because 
of the thin-film configuration of radioisotope in ACCENT 
electrogenerators, and because of the additional self- 
shielding provided by the support and collector foils. 

Estimates of shield-thickness requirements must be 
based on the radioisotope inventory, as shown by the 

' 1  
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thermal-power parameter in Figures 33 and 34, Thermal- 
watts/microampere of electrogenerator current can be 
calculated from the physical properties27 of the radio- 
isotopes of interest. This and other parameters of interest 
are shown in Figures 37 and 38 for promethium-147-oxide and 
strontium-90-titanate electrogenerators respectively. The 
information in these figures can be related to thrust level 
through the information shown in Figures 4 and 5, For 
example from Figure 5 ,  a 1000 coul/kg, 10-micropound, charged- 
particle thruster requires 4-microamperes of beam current at 
a net accelerating voltage of 60,000 volts. From Figure 38, 
a strontium-90-titanate electrogenerator with ~~=0.05-cm 
for such a thruster would have a radioisotope inventory of 
8.3 thermal-watts, or 1220 curies. With the reduction in ’ 

dose rate by beta-stopping in beryllium collectors, and by 
the additional internal shielding afforded by the collector 
and support-foil, the dose rate might be near the 1-thermal- 
watt curve in Figure 34. If this were the case, then 
strontium-90 ACCENT electrogenerators with containment-vessel 
walls of 125-mil tantalum would be restricted to applications 
having allowable dose rates above lOO-mR/hr. In contrast, 
promethium-147 ACCENT electrogenerators with 125-mil (.32-cm) 
tantalum containment-vessel walls could be used for appli- 
cations requiring as little as 1-mR/hr one meter from the 
source. 

From this brief discussion of nuclear-radiation shield- 
ing, it is concluded that a 125-mil tantalum containment 
vessel would provide adequate shielding for promethium-147 
ACCENT electrogenerators, but strontium-90 ACCENT electro- 
generators might be restricted to applications where fairly 
high radiation dosage is allowable. 

Radioisotope Containment 

For all isotopic space systems where safe return to the 
Earth surface and ultimate disposal is a requirement, the 
radioisotope fuel must be completely contained under all 

a 3 
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foreseeable circumstances during the following mission 
phases or events: 

a. launch-pad fires, explosions, etc. 
b. launch and ascent aborts 
c. re-entry from short-lived orbit 
d. re-entry after orbit decay 
e. impact and burial after re-entry 

Extensive studies have been made of these aerospace safety 
requirements for various isotopic space system designs. Fo 
example, a comprehensive analysis has been made2* of the 
burn-up of a promethium-147 fuel capsule for the ragioisojet 
thruster. Studies such as these serve to emphasize the re- 
quirement for total containment of the radioisotope fuel 
under severely adverse conditions. 

The requirement for total containment has been trea 
as well as possible in the present study with regard to 
containment-vessel mass. Total containment requirements 
also may be an important consideration in selection of 
dielectric type for the ACCENT electrogenerator. If vacuum 
dielectric is to be used, then two design philosophies are 
possible : 

a. permanent evacuation of the electrogenerator during 
assembly, just before final sealing 
opening of the electrogenerator to the vacuum of 
space after a successful injection into orbit, and 
permanent closing of the electrogenerator container 
after mission completion and before orbit decay and 
re-entry 

b, 

The first of t12ese design philosophies would require retention 
of the vapuum for  $he mission duration, which appears feasible 

conditions of space. If the final 
ogenerator container were done shortly 

before launch, then there should be no appreciable loss of 
vacuum during the pre-oubit period. 
philosophy would require complex mechanical and electronic- 
control devices and probably can be rejected on these grounds 
alone a 

The second design 

3 

* 
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A gaseous dielectric appears to be compatible with the 
total containment requirement. 
dielectric inside the electrogenerator containment vessel 
might add significantly to the impact strenbth of ACCENT 

electrogenerators, Reference to Figure 11 indicates that 
an SF6 gas pressure of about four atmospheres would be 
required to support an electric field strength of lo6 volts/crn. 

In fact, a high-pressure SF6 

Solid dielectrics in the ACCENT electrogenerator would 
require either a vacuum or a gaseous environment, so the 
discussion above covers this case. 

In conclusion, any of the dielectric types could be 
compatible with the radioisotope containment requirement, and 
it is possible that the gaseous dielectric would improve the 
impact strength of ACCENT electrogenerators. 
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REICOMMENDED DESIGN FOR ACCENT PROTOTYPE SYSTEM 

A design for a prototype version of the ACCENT system 
is described in the following sect 
synthesis of the information prese 
and some additional considerations 
decision juncture. A fundamental 
tained throughout, that the protot 
enough flexibility to allow econo 
ment program. This design philosophy is followed because of 
the multiple choices available for a number of important 
design features, and because additional development data is 
needed to evaluate the multiple choices in design. 

ding sections 

Radioisotope Fuel EJements 

General criteria such as availability, half-life, and 
nuclear-radiation properties have narrowed the radioisotope 
fuel to promethium-147 and strontium-yttrium-90. The choice 
between these two radioisotope fuels, and the recommended 
design of the fuel elements, depends on activity decay rate, 
nuclear-radiation shielding requirements, overall electro- 
generator mass, and fabrication methods. These factors are 
discussed in turn, and a recommended design is presented in 
the foLlowing sections. 

Radioisotope Fuel e 

density, which has a direct influence on system mass, 
promethium-147-oxide is satisfactory for missions up to about 
two years duration. For 5-10 year missions, strontium-90- 
titanate is superior because promethium-147-oxide electro- 
generators would have an unacceptable degradation in perfor- 
mance. 

On the basis of electrogenerator current’ 

In later sections on electrical design of the ACCENT 
system, it is shown that power-flattening probably will be 
needed for promethium-147-oxide electrogenerators in order 
to provide a constant thrust level. Because of this power 

requirement, a voltage-regulation circuit is 



29 

needed, which introduces electronic complexity with attendant 
reduction in reliability. Even though the voltage-regulation 
circuit is very simple compared with other electric propulsion 
systems being developed, the reduction in reliability may be a 
significant consideration. 

In contrast, the strontium-90-titanate electrogenerator 
could be operated without voltage regulation. The current/ 
voltage characteristic of the electrogenerator provides a 
stable system when operated with an emission-limited thruster. 
Therefore the voltage-regulation circuitry could be replaced 
with a simple on-off electronic switch. 

Nuclear-Radiation Shielding. This aspect of radioisotope 
fuels has been discussed in a previous section and can be 
summarized here. Promethium-147 electrogenerators can be 
easily shielded with the containment vessel to provide dose 
rates of 1-mR/hr or less. Strontium-90 electrogenerators 
will have higher dose rates, but with careful design the 
dose rate may be acceptable for many applications. Further 
development and/or study is needed to evaluate the nuclear- 
radiation shielding requirements for strontium-90 electro- 
generators. 

Electrogenerator Mass. Strontium-90 electrogenerators are 
basically heavier than promethium-147 electrogenerators. 
However, strontium-90-titanate has about twice the current 
density of promethium-147 initially, and this factor is 
about four at two years mission duration, and much higher 
for 5-10 year mission duration. For cylindrical electro- 
generators, the diameter is proportional to the cube root 
of fuel-element surface area, so diameter is greatly dependent 
on fuel-element surface area when the area is relatively 
small. 
have low current requirements, as shown by Figure 5. When 
the current requirement is small, the higher current density 
of strontium-90-titanate electrogenerators may provide signi- 
ficant reductions in ACCENT system mass. Furthermore, 

Charged-particle thrusters with large values of q/m 
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strontium-90-titanate electroqeneratqrs can be operated 
efficiently at much higher v 
electrogenerators, thereby p g higher specific i 
with charged-particle thrust 

promethium-147-oxide 

t have law q/m. 

Whether charged-particle thrusters can be operated with 
low q/m at comparatively high voltage remains to be seen. 
Within the present context’ of cesium-contact ion thrusters, 
or charged-particle thrusters with q/m=4000 coul/kg, 
promethium-147-oxide ACCENT systems appear to have promise 
of less mass than strontium-90-titan e ACCENT systems. 

Fuel-Element Fabrication. Various possible, methods for ‘ 

fuel-element fabrication are discussed in Appendix G. From 
the chemical or metallurgical standpoint, there appears to 
be no significant advantage to either promethium-147-oxide 
or strontium-90-titanate in any of the methods. 

Fuel-layer thickness for promethium-147-oxide must be 
no more than 2-mils for efficient use of the radioisotope 
inventory, Fuel-layers for strontium-90-titanate are an 
order of magnitude thicker. 
standpoint of dimensional tolerance, it is clear that the 
thicker fuel layers with strontium-90-titanate offer a great 
advantage. However, this advantage is more than offset by 
the requirement for fabrication in a hot cell when strontium- 
90-titanate is the radioisotope fuel form. In contrast, 
promethium-147-oxide can be handled with much less radiation 

I protection, thereby greatly reducing the cost of development 
of fabrication methods and the cost of prototype fuel elements. 

Recommended Fuel-Element Design. It is recommended that 
promethium-147-oxide be the radioisotope fuel form for the 
ACCENT prototype design. This recommendation is primarily 
based on the economy of development of fabrication methods, 
and on the queTAonable possibility of reducing the dose 

From the purely practical 

electrogenerators without unacceptable 

erator configurations shown in 
I 
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Figure 6 ,  only the circular-disc and the flat-plate con- 
figurations have sufficient flexibility to allow economical 
changes in design that are desirable during the development 
of the ACCENT system. Of these two, the flat-plate config- 
uration is the more flexible with regard to support structure. 
If the circular-disc configuration were used, the, support 
structure members would have to be annular discs; while the 
support structure members in the flat-plate configuration 
can be simple rectangular bars. 

To provide a sufficiently rigid structure for the 
initial phases of the ACCENT system development, it is 
recommended that the fuel-support foil be 10-mil aluminum. 
From the information given in Appendix G, it appears that 
1x6-inch cermets are about the largest that can be conven- 
iently fabricated at present, so the recommended fuel-element 
design is as shown in Figure 39. A margin is provided alonq 
each long side of the fuel element to provide clamping area 
for the support structure. This margin also provides ample 
area for the transfer of heat from the fuel element. Bolt 
holes are provided for mounting in the support structure. 

The fuel element shown in Figure 39 has a fuel layer 
on both sides. As shown in Figure 32, fuel-layer thickness 
does not have much effect on system mass of ultimate flight- 
prototype ACCENT systems with promethium-147-oxide electro- 
generators. 
fabricate in initial development phases, so a 2-mil (.005-cm) 
fuel-layer thickness is recommended for flame-sprayed, hot- 
pressed, or evaporated fuel layers. Cermets attached to the 
support foil may be somewhat thicker because of the cermet 
matrix. 

Thicker fuel layers will be much easier to 

Dielectric Type 

Vacuum, gas, and solid dielectrics are discussed in 
detail gn Appendix E. Either vacuum or gas dielectrics 
have sufficient dielectric strength, and a small enough 

e current to provide good performance from ACCENT 
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e lec t rogene ra to r s .  Most s o l i d  d i e l e c t r i c s  s u f f e r  s eve re  
degrada t ion  of  electrical p r o p e r t i e s  when some value of 
t o t a l  be ta - ray  dose i s  reached. I t  appears  t h a t  t h i s  c r i t i -  
c a l  va lue  of t o t a l  dose w i l l  be more than reached i n  ACCENT 

e l e c t r o g e n e r a t o r s ,  so s o l i d  d i e l e c t r i c s  probably w i l l  n o t  be 
found s u i t a b l e .  

Optimum des igns  of ACCENT e l e c t r o g e n e r a t o r s  w i l l  have 
vo l t ages  h igher  than t h e  minimum-mass va lues  shown i n  
Figures  29 and 30 because t h e  p r o p e l l a n t  mass w i l l  t end  t o  
d r i v e  t h e  s p e c i f i c  impulse t o  somewhat h igher  va lues .  From 
t h i s  in format ion ,  it can be es t imated  t h a t  e l e c t r o g e n e r a t o r  
vo l t ages  of more than  1 0 , 0 0 0  v o l t s  w i l l  be of i n t e r e s t  f o r  
t h e  ACCENT system. High values  of electric f i e l d  s t r e n g t h  
a r e  r equ i r ed  t o  provide small-volume e l e c t r o g e n e r a t o r s  and 
hence low-mass containment ves se l s .  E lec t rode  spacings f o r  
var ious  vo l t ages  and e lectr ic  f i e l d  s t r e n g t h s  a r e  shown i n  
Figure 11. For example, a vol tage  of 30 ,000  v o l t s  and a 
f i e l d  s t r e n g t h  of l o 6  v/cm correspond t o  an e l e c t r o d e  
spacing of g=O.O3 c m  (11.8-mil) .  Maintenance of  such s m a l l  
spacings between fuel-elements and c o l l e c t o r s  of any reason- 
able s i z e  does not  appear f e a s i b l e  wi th  vacuum o r  gas  d i -  

electrics a lone ,  i e ,  some means of mechanical suppor t  w i l l  
be needed t o  maintain the  c lose  spacings requi red .  

Narrow space r s  of s o l i d  d i e l e c t r i c  m a t e r i a l  appear t o  
be an answer t o  t he  problem of c l o s e  spacing between t h e  
fuel-element and c o l l e c t o r .  A t y p i c a l  e l e c t r o g e n e r a t o r  
design w i t h  s o l i d  spacers  is shown i n  Figure 40. Leakage 
curref i re  r e s u l t i n g  from the s o l i d  space r s  w i l l  be comprised 
of  c g r r e n t  $$Gwing through the  volume of t h e  spacer ,  and 
c u r r e n t  f lowirg  over  t he  su r faces  of t h e  spacers .  These 

two c y r r e n t s  can De c a l c u l a t e d  i f  t h e  volume r e s i s t i v i t y  P 

and t h e  su r fqce  r e s i s t i v i t y  p s  a r e  known. 

e R of t he  space r s  is: 

" I  
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where g and w are t h e  dimensions shown i n  F igure  40 ,  

L is t h e  l eng th  of t h e  spacers ,  and n is t h e  number of 
spacers .  S imi l a r ly ,  t h e  su r face  r e s i s t a n c e  Rs of t h e  
spacers  is: 

To ta l  leakage c u r r e n t  Jlss due t o  t h e  s o l i d  spacers  is: 

Using equat ions ( 2 0 )  and ( 2 1 )  i n  equat ion ( 2 2 ) ;  

The number of s o l i d  spacers  i s  

n=L/P ( 2 4 )  

where P i s  t h e  d i s t a n c e  between spacers  a s  shown i n  Figure 
40. using equat ion ( 2 4 )  i n  equat ion ( 2 3 )  , and de f in ing  a 
leakage c u r r e n t  dens i ty  jlss=J /L2 : 1, ss 

Surface  r e s i s t i v i t y  i s  t y p i c a l l y  smal le r  than  volume resist-  
i v i t y ,  e .g . ,  f o r  Kapton H-film, ,=lo1* ohm-cm and 
Since w (0.1-cm, then t h e  t e r m  w/p  w i l l  be much less than 
t h e  term 2/ps , and t h e  so l id-spacer  leakage c u r r e n t  d e n s i t y  
can be approximated by: 

= l o 1 6  ohm. 
P S  

Jlss ( 2 / P s )  (4/g) /p ( W / P )  << ( 2 / P s )  (26) 

I f  ps=1016-ohm, +/g=106-volts/cm, and P=. 2-cm, then 
jlss=10-micro-amp/m2 . 
o r d e r  of magnitude i s  acceptab le  because it i s  much less 
than  t h e  e l ec t rogene ra to r  cu r ren t  d e n s i t i e s  quoted i n  
previous sec t ions .  

A leakage c u r r e n t  dens i ty  of  t h i s  

Because of t h e  p o s s i b i l i t y  of radiation damage t o  t h e  
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s o l i d  space r s  it is  n o t  p o s s i b l e  t o  state i t e l y  t h  
t h i s  design concept w i l l  be s a t i s f a c t o r y .  d d i e l e c t r i c s  
are known t o  s u f f e r  degrada t ion  of volume r e s i s t i v i t y  and 
d i e l e c t r i c  s t r eng th .  From equat ion  ( 2 5 )  it can be seen t h a t  
t h e  volume r e s i s t i v i t y  of  Rapton H-film could be degraded by 
t h r e e  o rde r s  of magnitude before  apprec iab le  leakage occurred 
through t h e  volume of t h e  s o l i d  spacers .  However, only more 
exac t  information on r a d i a t i o n  damage t o  t h e  var ious  kinds 
of s o l i d  d i e l e c t r i c ,  o r  only a f t e r  development tests of t h e  
ACCENT system, can a d e f i n i t e  conclusion be reached with 
regard  t o  t h e  s o l i d  spacer  design concept. 

Because of t h e  unce r t a in ty  regarding t h e  e f f e c t i v e n e s s  
of s o l i d  space r s  i n  t he  ACCENT e l ec t rogene ra to r ,  it i s  
recommended t h a t  t he  prototype design be adaptable  t o  t e s t i n g  
vacuum d i e l e c t r i c ,  gas  d i e l e c t r i c ,  s o l i d  d i e l e c t r i c ,  and 
so l id-spacer  vacuum- o r  g a s - d i e l e c t r i c  vers ions .  This  
recommendation i s  r e f l e c t e d  i n  t h e  f i n a l  mechanical design 
presented i n  a la ter  sec t ion .  

Thermal Design of Elec t rogenera tor  

Heat produced i n  t h e  ACCENT e l ec t rogene ra to r  must be 
r e j e c t e d  e i t h e r  t o  t h e  s p a c e c r a f t  s t r u c t u r e ,  o r  must be 
rejected t o  space.  T h e r m a l  e f f i c i e n c y  of  t h e  ACCENT e l e c t r o -  
genera tor  i s  less than  1 0 %  because of ope ra t ion  a t  vo l tages  
much less than  those  requi red  for maximum e f f i c i ency .  Because ' 

of t h e  low thermal e f f i c i e n c y ,  t h e r e  i s  no t  much d i f f e r e n c e  
i n  h e a t  r e j e c t i o n  between thrus t -on  and th rus t -o f f  condi t ions .  

S o l i d  dielectrics s u f f e r  apprec iab le  reduct ions  i n  
volume r e s i s t i v i t y  and d i e l e c t r i c  s t r e n g t h  above about 15OoC, 
as shown i n  Appendix E.  For t h i s  reason,  t h e  ACCENT e l e c t r o -  
gene ra to r  i s  designed f o r  opera t ion  wi th  fuel-element temper- 
a t u r e s  no g r e a t e r  than 150OC. 

A t y p i c a l  heat-generat ion ra te  i n  t h e  f u e l  l a y e r  of 
2 

promethium-147-oxide e l ec t rogene ra to r s  i s  90 w a t t / m  . This 
h e a t  rate can be t r a n s f e r r e d  by thermal r a d i a t i o n  f r o m  a f u e l  
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element a t  15OoC t o  a collector a t  4OO0K. 
from mid-point t o  end of a 6-inch long 10-mil t h i c k  aluminum 
collector i s  less than  l 0 C ,  so h e a t  may be r e j e c t e d  f r o m  t h e  
collector suppor t  s t r u c t u r e  o r  from a r a d i a t o r  a t  about 400°K 
(127OC) I f  t h e  heat-s ink temperature  i s  300°K (27'C), then 
t h e  h e a t  rejection rate from t h e  r a d i a t o r  w i l l  be about  1000 

w a t t / m  . 

Temperature drop 

2 

Ten micro-pound cesium-contact i o n  t h r u s t e r s  r e q u i r e  
less than 200 micro-amperes a t  n e t  a c c e l e r a t i n g  vo l t ages  
above 2 0 , 0 0 0  v o l t s ,  as shown i n  Figure 4 .  From Figure 3 7 ,  it 
can be seen t h a t  a t  20 ,000  vo l t s ,  t h e r e  i s  a thermal inventory 
of  about 0 . 7  thermal-watts/microampere, so a promethium-147- 
oxide e l e c t r o g e n e r a t o r  f o r  a 10-micropound ACCENT system 
would gene ra t e  less than 1 4 0  w a t t s  of hea t .  Radia tor  hea t  
f l u x  w a s  estimated (above) a t  1 0 0 0  w a t t / m  , so a r a d i a t o r  
a r e a  of  0 . 1 4 m  would be requi red .  For example a r a d i a t o r  
of dimensions 38x38-cm (15x15-inch) would be s u f f i c i e n t .  

2 
2 

From t h i s  b r i e f  d i scuss ion ,  and f r o m  t h e  information 
i n  Appendix F ,  it i s  ev iden t  t h a t  t h e  thermal des ign  of  ACCENT 

e l e c t r o g e n e r a t o r s  i s  simple and t h a t  t h e r e  should be no 
d i f f i c u l t y  i n  s t r i k i n g  a thermal .ba lance  wi th  t h e  s p a c e c r a f t  
and space environment. 

E lec t r ica l  Design of ACCENT Prototype System 

The ACCENT pro to type  system e l e c t r i c a l  c i r c u i t r y  must 
perform t h r e e  d i s t i n c t  func t ions .  During t h e  pre-launch 
and launch phases of a mission t h e  ACCENT system e l e c t r o -  
gene ra to r  vo l t ages  must be l i m i t e d  t o  a l o w  l e v e l .  Once 
t h e  mission i s  underway t h e  c i r c u i t r y  must provide t h e  
desired o p e r a t i n g  condi t ions  f o r  t h e  ACCENT t h r u s t e r  package 
i n  response t o  s i g n a l s  from t h e  v e h i c l e  command l o g i c  c i r -  
c u i t r y .  Current  n e u t r a l i z a t i o n  of  t h e  ACCENT system must be 
provided a t  a l l  t i m e s  by maintaining t h e  n e u t r a l i z e r  c u r r e n t  
equa l  t o  t h e  t h r u s t e r  exhaust-beam c u r r e n t .  A l l  of  t h e s e  
func t ions  can be provided by t h e  recommended e lectr ical  des ign  
of  t h e  ACCENT p ro to type  system shown i n  F igure  4 1 .  Theory 
of ope ra t ion ,  sub-system d e t a i l s ,  and dynamic c h a r a c t e r i s t i c s  
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of  t h i s  recommended design are desc r ibed  i n  the fol lowing 
s e c t i o n s .  

Theory of Operation. Regulation of t h e  high vo l t age  avail- 
a b l e  from t h e  ACCENT system primary e l e c t r o g e n e r a t o r  can be 
accomplished wi th  a shunt  r e g u l a t o r  which u t i l i z e s  t h e  
e lectr ical  impedance of t h e  e l e c t r o g e n e r a t o r  as its' series- 
dropping resistor. For s i m p l i c i t y  t h e  shunt ing  device  shown 
i n  Figure 4 1  i s  a vacuum-tube thermionic  diode of convent ional  
design (eg: 1x2) opera ted  wi th  t h e  cathode ( f i l amen t )  i n  a 
thermal ly- l imi ted  mode. The c o n t r o l  of  cathode emission i s  
e n t i r e l y  by c o n t r o l  of t h e  f i l amen t  cu r ren t .  Figure 4 2  shows 
a p l o t  of diode c u r r e n t  versus  f i lament  power f o r  a 1x2. I n  
t h e  even t  t h a t  commercial vacuum diodes such as t h e  1x2 cannot 
be f l i g h t  q u a l i f i e d  t h e  des ign  and cons t ruc t ion  of  a replace-  
ment wi th  s i m i l a r  c h a r a c t e r i s t i c s  should not  be too d i f f i c u l t .  

During pre-launch, launch, and t h r u s t e r  shut-down pe r iods ,  
t h e  f i l amen t  c u r r e n t  (and thus  diode conduct iv i ty)  w i l l  be a t  
a maximum r e s u l t i n g  i n  a p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  diode 
(and thus  a c r o s s  t h e  e l e c t r o g e n e r a t o r  and t h r u s t e r )  o f  a 
r e l a t i v e l y  s m a l l  value.  When a thrus t -on  command is  rece ived  
by t h e  ACCENT system, f i l amen t  c u r r e n t  i s  decreased t o  a 
va lue  t h a t  w i l l  r e s u l t  i n  t h e  proper  vo l t age  drop across t h e  
diode (and thus  across t h e  t h r u s t e r  package) t o  a s s u r e  proper  
t h r u s t e r  ope ra t ion .  Thrus te r  high vo l t age  i s  a c t i v e l y  regu- 
l a t e d  by continuous adjustment  of  t h e  diode f i l amen t  c u r r e n t  
i n  response t o  an error s i g n a l  genera ted  by a comparison of 
t h e  high vo l t age  wi th  a r e fe rence  s i g n a l .  The c o n t r o l  range 
of t h e  r e g u l a t i o n  c i r c u i t r y  w i l l  adequately compensate f o r  
t h e  decay i n  a c t i v i t y  of t h e  r ad io i so tope  f u e l  over  t h e  t o t a l  
mission t i m e  which i s  i l l u s t r a t e d  i n  Figure 3 .  

Current  n e u t r a l i z a t i o n  of t h e  ACCENT system package can 
be accomplished by means of an e l e c t r o n  gun r egu la t ed  so t h a t  
t h e  c u r r e n t  of e l e c t r o n s  e j e c t e d  i n t o  space i s  s u f f i c i e n t  t o  
maintain t h e  package a t  a p o t e n t i a l  no more than  a v o l t  o r  so 
d i f f e r e n t  from t h e  v e h i c l e  i t se l f .  The e l e c t r o n  gun conta ins  
a c o n t r o l  g r i d  t h a t  is re ferenced  t o  t h e  v e h i c l e  through a 
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su i tab le  i s o l a t i o n  resistance. 
t h e  p o t e n t i a l  d i f f e r e n c e  between t h i s  g r i d  and t h e  e l e c t r o n  
gun cathode which i s  e l e c t r i c a l l y  connected t o  t h e  ACCENT 

system ground. Thus t h e  electron c u r r e n t  can be c o n t r o l l e d  
by t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  v e h i c l e  and t h e  ACCENT 

system package. I f  t h e  t h r u s t e r  ion  c u r r e n t  Ji exceeds t h e  
magnitude of  t h e  e l e c t r o n  c u r r e n t  Je , then  t h e  electron-gun 
cathode w i l l  appear  more nega t ive  wi th  r e s p e c t  t o  t h e  c o n t r o l  
g r i d  thus  r e s u l t i n g  i n  an  i n c r e a s e  i n  The r eve r se  w i l l  
a lso be t r u e ,  thereby providing f o r  automatic  maintenance of 
o v e r a l l  c u r r e n t  n e u t r a l i t y  wi th  r e s p e c t  t o  t h e  veh ic l e .  A 

b i a s  supply w i l l  provide t h e  proper  des ign  po in t  va lue  of  
g r i d  p o t e n t i a l  t o  a s s u r e  proper  autogenous opera t ion .  

Elec t ron  cu r ren t  depends upon 

Je . 

Operation of  t h e  ACCENT system t h r u s t e r  w i l l  be i n  t h e  
emission-l imited mode thus  al lowing c o n t r o l  of i o n  beam 
c u r r e n t  Ji through c o n t r o l  of p r o p e l l a n t  flow. I n  t h e  
l iqu id-spray  charged-par t ic le  t h r u s t e r ,  p r o p e l l a n t  flow i s  
determined by t h e  p r o p e l l a n t  temperature  wi th in  t h e  p rope l l an t -  
feed  tube ,  so an e l e c t r o n i c a l l y  c o n t r o l l e d  h e a t e r  can be  used 
t o  u l t i m a t e l y  c o n t r o l  t h e  beam c u r r e n t .  

The 600-volt b i a s  f o r  t h e  t h r u s t e r  e x t r a c t o r  e l e c t r o d e  
can be der ived  i n  a number of d i f f e r e n t  ways s i n c e  t h e  c u r r e n t  
which must be provided i s  so s m a l l .  I n  t h e  p re sen t  design 
t h e  e x t r a c t o r  p o t e n t i a l  i s  der ived  from a secondary electro- 
gene ra to r  shunted by a s u i t a b l e  r e s i s t a n c e  t o  provide a 
nominal 600-volt source.  T o  avoid t h e  requirement f o r  a c t i v e  
r e g u l a t i o n  of  t h i s  b i a s  vo l t age ,  a s m a l l  strontium-90 electro- 
gene ra to r  could be used i n  t h i s  r o l e .  

Details of  t h e  var ious  components of t h e  o v e r a l l  e lec t r ica l  
c i r c u i t r y  are d iscussed  i n  t h e  fol lowing s e c t i o n s .  

Electr ical  I n v e r t e r .  A main power i n v e r t e r  i s  r equ i r ed  t o  
provide t h e  necessary ope ra t ing  power t o  t h e  va r ious  com- 
ponents of t h e  system. The i n p u t  t o  t h e  i n v e r t e r  i n  t h e  
p r e s e n t  des ign  is  t h e  v e h i c l e  28-volt  d i r e c t - c u r r e n t  power 
buss. I f  t h e  p r o p e l l a n t  h e a t e r  power could  be supp l i ed  from 
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t h e  thermal power being r e j e c t e d  from t h e  e l ec t rogene ra to r ,  
and i f  t h e  n e u t r a l i z e r  f i lament  could be heated by a radio-  

i so tope  h e a t e r ,  then t h e  small amount of  remaining power f o r  
t h e  e lectr ical  c i r c u i t r y  might be suppl ied  by thermoelec t r ic  
genera tors  ope ra t ing  on hea t  r e j e c t e d  from t h e  e l e c t r o -  
genera tor .  Such ref inements  i n  design were considered t o  
be too  advanced f o r  t h e  p re sen t  state of  development o f  t h e  
ACCENT system, b u t  are included i n  t h e  recommended develop- 
ment program descr ibed  i n  a l a t e r  sec t ion .  

The design of t h e  i n v e r t e r  shown i n  Figure 4 3  is  along 
convent ional  l i n e s  and provides  f o r  two d i f f e r e n t  e lectr ical  
ou tpu t s ;  a 1 0 0  v o l t ,  1 0  kHz square wave, and a 5-vol t  direct- 
c u r r e n t  ou tpu t  t o  power t h e  c o n t r o l  c i r c u i t r y .  

Main Voltage Regulator.  
of t h e  shunt  vacuum diode and t h e  diode -f i lament  c u r r e n t  
r e g u l a t o r  shown i n  Figure 44 .  
cons i s t ing  of T 1 ,  CR1-4 ,  L1, R 1 ,  C 1 ,  and VR1 provide power 
t o  t h e  diode f i lament  through t h e  series r e s i s t a n c e  R2. This 
r e s i s t a n c e  is chosen so t h a t  t h e  f i lament  power i s  low enough 
t o  a s su re  approximately zero diode conduction due t o  t h e  l ack  
of thermally-generated cathode e l e c t r o n s .  
t h i s  f i l ament  power l e v e l  i s  approximately 0.02 w a t t s ,  
T r a n s i s t o r  Q 1  when i n  a conducting s ta te  se rves  t o  shunt  
c u r r e n t  around R2  t hus  increas ing  t h e  diode f i lament  power 
and r e s u l t i n g  i n  a h igher  diode conduct iv i ty .  
Q 1  i s  obta ined  from a comparison of  t h e  magnitude of t h e  
t h r u s t e r  high vo l t age  wi th  a re ference  vo l t age  provided by 
R5 and VR2. 

t h e  high vol tage  s i g n a l  t o  t h e  l e v e l  of t h e  re ference .  
two s i g n a l s  a r e  compared i n  a convent ional  i n t e g r a t e d  c i r c u i t  
ope ra t iona l  ampl i f i e r ,  AMP, whose ou tpu t  i s  t h e  c o n t r o l  s i g n a l  
t o  Q 1  through R3. A command l o g i c  s i g n a l  a c t i n g  through R4 

w i l l  ove r ide  t h e  e f f e c t  of t h e  re ference  vo l t age  when it i s  
d e s i r e d  t o  s h u t  down t h e  t h r u s t e r .  

P rope l l ap t  Heater Supply. 

The main vol tage  r e g u l a t o r  c o n s i s t s  

A constant-vol tage supply 

For t h e  1x2 diode 

The c o n t r o l  of  

The vo l t age  d i v i d e r  formed by R7 and R8 reduces 
The 

This  supply i s  shown i n  Figure 45 
I. 

es transformer T 1  which matches t h e  p r o p e l l a n t  
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h e a t e r  impedence t o  t h a t  of t h e  main i n v e r t e r  square-wave 
ou tpu t ,  and provides  high-voltage i so l a t ion  f o r  t h e  hea te r .  
The c u r r e n t  i n p u t  t o  T 1  i s  c o n t r o l l e d  by a series magnetic 
a m p l i f i e r  device  which i s  i n  t u r n  c o n t r o l l e d  by t r a n s i s t o r  
Q1. The control s i g n a l  t o  Q1 i s  der ived  from a comparison 
of t h e  desired t h r u s t  l e v e l ,  as  def ined  by a s i g n a l  from 
c o n t r o l  l o g i c ,  wi th  a s i g n a l  p ropor t iona l  t o  t h e  n e u t r a l i z e r  
c u r r e n t ,  Je . Since  p r o p e l l a n t  flow, and thus  t h r u s t e r  beam 
c u r r e n t  Ji , i s  determined by h e a t e r  power, and s i n c e  
and Ji w i l l  be equal  (on a n e t  basis)  t h e  e f f e c t  w i l l  be 
t h a t  of beam c u r r e n t  r egu la t ion .  

Je 

The s i g n a l  r ep resen t ing  Je is  de r ived  by pass ing  a l l  
ejected e l e c t r o n s  through R4 t h u s  developing a vo l t age  equal  
t o  R4 x Je and of t h e  o r d e r  of 1 v o l t  a t  design beam c u r r e n t .  
The func t ion  of AMP i s  t o  compare t h e  beam c u r r e n t  s i g n a l  
wi th  t h e  command l o g i c  s i g n a l  and then  a d j u s t  t h e  conduction 
of Q1 accordingly.  E lec t r ica l  damping must be provided i n  
t h i s  c i r c u i t r y  t o  prevent  excess ive  o s c i l l a t i o n  of t h e  pro- 
p e l l a n t  h e a t e r  power. The amount of damping and t h e  method 
used t o  provide i t  w i l l  depend heav i ly  on t h e  thermal  charac- 
terist ics of  t h e  h e a t e r  and t h e  p r o p e l l a n t  tube. 

Diodes C R 1  and CR2 provide p r o t e c t i o n  f o r  Q1 by shunt ing 
o u t  any s t r a y  t r a n s i e n t  s i g n a l s  t h a t  might o therwise  damage 
it. 

If  i t  i s  d e s i r a b l e  t o  monitor t h e  hea te r - cu r ren t ,  then  
t ransformer  C T 1  can be included t o  provide a s i g n a l  propor- 
t i o n a l  t o  t h i s  cu r ren t .  

N e u t r a l i z e r  Filament Supply: F igure  46 shows t h e  c i r c u i t r y  
t h a t  supp l i e s  power t o  h e a t  t h e  n e u t r a l i z e r  f i l ament .  This  
c i r c u i t  o p e r a t e s  i n  t h e  same manner as t h e  p r o p e l l a n t  h e a t e r  
supply wi th  t h e  except ion  t h a t  t h e  c o n t r o l  i s  simply on/off 
as determined by t h e  command l o g i c  c o n t r o l  s i g n a l .  

N e u t r a l i z e r  Grid B i a s  Supply. This  supply i s  a s imple 
zener-regulated b i a s  source as shown i n  F igure  47. The 
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des ign  vo l t age  i s  chosen to  match t h e  c h a r a c t e r i s t i c s  of t h e  
n e u t r a l i z e r  electron gun and t o  make up for  t h e  voltage drop 
across R4 i n  t h e  p r o p e l l a n t  h e a t e r  supply.  The va lue  of t h e  
b i a s  v o l t a g e  w i l l  on ly  be a few vol t s  f o r  any convent ional  
e l e c t r o n  gun design.  The supply i s  re ferenced  to  t h e  v e h i c l e  
ground through R2 which provides  s u f f i c i e n t  i so la t ion  to  
assure t h a t  e s s e n t i a l l y  no c u r r e n t  w i l l  f l o w  between t h e  
v e h i c l e  and t h e  ACCENT system package, and t h u s  a s su r ing  t h a t  
t h e  o v e r a l l  v e h i c l e  p o t e n t i a l  w i l l  no t  be a f f e c t e d  through 
ope ra t ion  of t h e  ACCENT system t h r u s t e r .  

Power Requirements. A l i s t i n g  of t h e  power r equ i r ed  f o r  t h e  
ACCENT system c i r c u i t r y  i s  as follows: 

1. Main vo l t age  r e g u l a t o r :  
c o n t r o l  power = 0.1 w a t t  
f i l amen t  power = 0.08 w a t t  (max) 
e lec t r ica l  e f f i c i e n c y  n s .95 

= (0.1+0.08)/.95+0.19 w a t t  'in 
2. N e u t r a l i z e r  f i l ament  supply: 

f i l amen t  power = 0.4 w a t t  
c o n t r o l  power = 0 . 1  w a t t  

rl = 0.95 
= (0.4+0.1) / O .  95=0.53 w a t t  'in 

3 .  N e u t r a l i z e r  g r i d  b i a s  supply: 
r e g u l a t o r  power = 0 . 0 1  w a t t s  

T l  =1 
=0.01/1=0.01 w a t t  

4 .  P r o p e l l a n t  h e a t e r  supply 
'in 

h e a t e r  power 0.9 w a t t  
c o n t r o l  power 0 . 1  w a t t  

n = o .  95 
= (0.9+0.1) / O .  95=1.05 w a t t  'in 
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. 5. Command Logic power 
c o n t r o l  power F: 1 .0  w a t t  
Pin=l.O w a t t  

To ta l  power from i n v e r t e r  = 2.72 w a t t s  

I n v e r t e r  losses = 0.15 w a t t s  based on t h e  following: 

nominal B = 50 
= 0.3 v o l t s  vs a t  

= 1.3 v o l t s  
sa t  V~~ 

Switching t i m e  = 1 0 0  nsec (eg: 2N2538) 
Frequency = lOkHz 

Transformer l o s s  = (2.72+0.15)/0.98 = 0.06 wat t  
To ta l  i npu t  power t o  i n v e r t e r  = 2.93 watts 

ie :  = 107ma x 28 v o l t s  

Overa l l  Dynamic C h a r a c t e r i s t i c s  of Electr ical  System. The 
t i m e  response of  a l l  p a r t s  of  t h e  ACCENT system electr ical  
c i r c u i t r y  i s  o r d e r s  of magnitude f a s t e r  than t h a t  of  t he  
e l ec t rogene ra to r .  
capac i ty  and r e l a t i v e l y  high impedance inhe ren t  i n  t h e  design 
of  t h e  e l ec t rogene ra to r .  

Because of t h e  l a r g e  shunt ing c a p a b i l i t y  of t h e  vol tage  

This i s  due t o  t h e  l a r g e  e lectr ical  

r e g u l a t o r ,  turn-off  of t h r u s t e r  vo l tage  can be accomplished 
almost i n s t a n t l y .  However, t h e  turn-on t i m e  w i l l  be completely 
c o n t r o l l e d  by t h e  charging t i m e  of t h e  e l ec t rogene ra to r  
capac i t snce ,  Figure 48  shows a s i m p l i f i e d  equiva len t  c i r c u i t  
of t h e  e l s c t r o g e n e r a t o r ,  vo l tage  r e g u l a t o r ,  and t h r u s t e r .  The 
t o t a l  s u r f a c e  chqyge Q i n  t h e  ec t rogene ra to r  i s  ( f o r  
p lane  p a r a l l e l  e2ec t rodes)  : 

Q=ES ( $ / g )  (27) 

where 4 i s  e l ec t rogene ra to r  vo l tage ,  g i s  t h e  in t e r - e l ec t rode  
spacing,  S i s  t h e  fuel-element su r face  area, and # / g  is  
t h e  e lectr ic  f i e l d  s t r eng th .  Charging t i m e  t is:  
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where Q i s  t h e  rate of charge accumulation, and j is  t h e  
e l e c t r o g e n e r a t o r  c u r r e n t  dens i ty .  Charging rate i i s  : 

For example, an e l e c t r o g e n e r a t o r  wi th  a c u r r e n t  dens i ty  of 
‘100 micro-amp/m2 and a n  e l e c t r o d e  spacing of 1 0 - m i l s  w i l l  
have a charging rate of about 3.5 k i lovo l t s / s ec .  For t h e  
1 0 0  micro-amp/m2 c u r r e n t  dens i ty ,  an e l ec t rogene ra to r  w i t h  an 
e lectr ic  f i e l d  s t r e n g t h  of l o 6  volts/cm w i l l  have a charging 
t i m e  of 8.9 seconds. With a f i e l d  s t r e n g t h  of l o 5  volts/cm, 
t he  charging t i m e  w i l l  be 0.89 seconds. 

I n  normal ope ra t ion  thrustejr  vo l t age  (and t h u s  t h e  charge 
on t h e  e l e c t r o g e n e r a t o r  capac i tance)  w i l l  be maintained a t  a 
cons t an t  va lue ,  thereby e l imina t ing  t h e  effects of c i r c u i t  
t ime-constant a s  a cons idera t ion .  However, i n  t h e  event  of 
an e l e c t r i c a l  breakdown i n  the  t h r u s t e r  t he  e l ec t rogene ra to r  
capac i tance  must be discharged t o  reduce &he vol tage  t o  a 
low enough l e v e l  t o  c l e a r  o r  ex t ingu i sh  the breakdown. Since 
a r c  breakdowns a r e  low-impedance phenomena t h e  d ischarge  t i m e  
w i l l  be q u i t e  s h o r t  ( . r i l O O m s . )  despite t h e  r e l a t i v e l y  l a r g e  

2 value  of capac i ty  (C-.05pfd/m ) .  If t h e  arc discharge does 
not  ex t ingu i sh  u n t i l  the  e l ec t rogene ra to r  charge i s  reduced 
t o  e s s e n t i a l l y  zero then t h e  recharging t i m e  w i l l  be as given 
by equat ion  ( 2 8 ) .  

vo l t age  somewhat g r e a t e r  than zero t h e  recharge t i m e  w i l l  be 

commensurately s h o r t e r .  

I n  cases  where the a r c  i s  c l e a r e d  a t  a 

O f  f u r t h e r  concern i s  the e f f e c t  on t h r u s t e r  performance 
Because of t h e  s i m p l i c i t y  of l o s i n g  high-vol tage r egu la t ion .  

of t he  shunt  r e g u l a t o r ,  p a r a l l e l  vacuum diodes can be included 
t o  provide r e g u l a t i o n  i n  t h e  event  of primary diode f a i l u r e .  
T h e  p o s s i b i l i t y  s t i l l  remains t h a t  a l l  redundant diodes might 
f a i l ,  i n  which case there w i l l  be no high-voltage r egu la t ion .  
The type  of f a i l u r e  t o  be expected i n  t h e  case  of vacuum 
diodes should be f i lament  f a i l u r e  r e s u l t i n g  in a loss of 
diode conduc t iv i ty .  With t h i s  type  of f a i l u r e ,  t h e  upper 
l i m i t  on t h e  va lue  of  the high vol tage  w i l l  depend on 

i 

3 
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I 

e l e c t r o g e n e r a t o r  c h a r a c t e r i s t i c s ,  
of t h e  t h r u s t e r .  Figures  49  and 
o p e r a t i n g  condi t ions  f o r  both t h e  
and t h e  charged-par t ic le  l%QUiXbspray t h r u s t e r  opera ted  both 
normally and ~ i * P r  FON@@*~ r e g u l a t o r  f a i l u r e .  

-contac t  i o n  t h r u s t e r  

wi th  emissfesta=l&fftik@d aperation of t h e  cesium-contact 
IT, loss of Voltage r e g u l a t i o n  w i l l  cause t h e  

l t a g e  t o  iz:: 
Some inc rease  i n  

se t o  the e l e c t r o g e n e r a t o r  
cur ren t /vol tage  c h a r a c t e r i s t i c  Curve. 
neutral-atom f r a c t i o n  can ba expected, which would t end  t o  
reduce t h e  l i f e  of t h e  t h r u s t e r  acce l  electrodes. 1 

With propel lant-f low-l imited oper8tiom of l iqu id-spray  
charged-par t ic le  t h r u s t e r s ,  1Bt31 Qf vo l t age  r e g u l a t i o n  w i l l  
cause both t h e  t h r u s t e r ' v o l t a g e  and c u r r e n t  t o  i n c r e a s e  t o  
a p o i n t  on t h e  e l ec t rogene ra to r s  cugz nC/voltage cha rac t e r -  

i s t i c  curve. This t r e n d  i s  due t o  t h e  reduct ion  i n  q/m 
w i t h  i nc reas ing  t h r u s t e r  vol tage29 thereby causing t h e  

c u r r e n t  t o  i n c r e a s e  as a consequence of t h e  cons t an t  p r o p e l l a n t  
m a s s - f l o w  rate.  

~t is  c l e a r  from these  c h a r a c t e r i s t i c s  t h a t  g ross  f a i l u r e  
of the r egu la t ion  system w i l l  only r e s u l t  i n  ope ra t ion  a t  a 
somewhat h igher  t h r u s t  l e v e l .  The amount of excess  t h r u s t  
w i l l  depend on t h e  type of  t h r u s t e r  and on t h e  age of t h e  
mission (ie: on the  remaining a c t i v i t y  of t h e  e l e c t r o -  
gene ra to r  fut;a$). 

Mechanical Design o f  ACCErJT Prototype System 

ended mechanical 
prototype s y s t e  shown i n  Figures  51 and 

5 2 .  '+'his deqign has f i v e  rect ar  f l a t - p l a t e  f u e l  elements.  
Each f ace  of t h e  f u e l  element 

6-inch long,  as shown i n  Figur  . This amounts t o  a t o t a l  

(0.005-cm) promethium-147-oxide f u e l  l a y e r ,  t h e  t o t a l  rad io-  

c u r i e s  and about 3.5 thermal w a t t s .  

a f u e l  l a y e r  1-inch wide and 

fue l - l aye r  s u r f a c e  area of  6 0  i n 2  (387 c m  2 ) .  

i so tope  inventory  i s  1.935 c m  3 which corresponds t o  9710 

With a 2 - m i l  

A t  a nominal ope ra t ing  
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voltage of 20,000 volts, the primary beta 
should be about 170 micro-amperes/m ; and 
23% leakage current, the electrogenerator 
about 5 micro-amperes. 

2 
current density 
accounting for 
current would be 

Spacing between the fuel elements and collectors can be 
varied by changing the side and end spacers. The fuel-element 
assembly, and the collector assembly, are electrically isolated 
from local ground by insulators. After assembly, the fuel- 
elements and the collectors can be tensioned with the tension 
screws. 

Assembly can begin with inserting the studs into the 
lower element plate and element insulators, and into the 
lower collector plate and collector insulators. Then the 
lower side pad and lower side block can be slipped over the 
studs, followed by a fuel element. Then the lower end pad 
and lower side pad can be slipped over the studs, followed 
by a collector. Then element spacers and another fuel element 
can be placed, followed by collector spacers and a collector, 
and so on until the assembly is completed. Final adjustments 
can be accomplished by tightening the stud nuts and the 
tension screws. 

The rectangular flat-plate design probably would be the 
most economical in the early phases of development of fuel 
elements for the ACCENT electrogenerator. However, the 
circular-disc geometry has flat fuel elements and collectors, 
and may be sufficiently economical in fuel form development 
work. Rectangular flat-plate configurations are not desirable 
for packaging in a cylindrical containment vessel; flight- 
prototype electrogenerators probably will have either the 
coaxial-cylinder, spiral-wound, or circular-disc geometry as 
illustrated in Figure 6 .  If the recommended rectangular 
flat-plate electrogenerator design were chosen and used in 
the development program, the work in that program probably 
would not be truly realistic because the rectangular flat- 
plate geometry is unlikely to be used in flight-prototype 
systems. If a circular-disc ctrogenerator geometry were 

i 
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used in the development program, then the work would certainly 
be realistic. For these reasons, an alternate recommended 
design is included here. 

The alternate recommended design is shown in Figures 53 
and 54, and has the following design characteristics: 

radioisotope fuel: promethium-147-oxide, 90% dense 
fuel-layer thickness: 2-mil (0.005 cm) 
thruster: 4000 coul/kg liquid-spray 
thrust: 10-micropound 
specific impulse: 1300 sec. 

’ mission duration: 2-yr 
voltage: 20,000 volts 
beam current: 24 micro-amperes 
electrogenerator j : 132 micro-amp/m 
fuel-layer surface area: 1830 cm 
fuel-element diameter: 5-cm 
number of fuel elements: 40 

2 
2 

radioisotope inventory: 

thermal load: 16.4 watt, thrust-off; 15.9 watt, thrust-on 
nominal inter-electrode spacing: 0.040-inch (1-mm) 
fuel-support foil: 10-mil aluminum 
collectors: 10-mil aluminum 
radioisotope mass: 60.3 gram 
support foil mass: 47.8 qram 
collector mass : 49.0 gram 

9.15 cm3 , 45 , 900 curies , 
16.4 thermal-watt 

sub total : 157.1 gram (0.35 lb) 
containment vessal: 125-mil tantalum 
cont. vessel inside diam.: 5.2-cm 
contain. vessel L/D: 2 
contain. vessel mass: 1200 gram (2.65 lb) 

TOTAL 1357 gram (3 .0  lb) 

If the inter-electrode spacing could be reduced to 0.008-inch 
(0.2-mm) , then the cylinder L/D would be less than 1.0, and 
the containment-vessel mass would be only 700 gram (1.55 lb) 
and the total would be only 1.9 lb. A spacing of 8-mil and 
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a vo l t age  of  20,000 v o l t s  r e s u l t s  i n  an e lec t r ic  f i e l d  
s t r e n g t h  of l o 6  volt/cm. 

The a l t e r n a t e  recommended design i s  intended t o  be 
real is t ic  i n  a l l  regards .  A containment v e s s e l  i s  provided 
t h a t  should be more than s u f f i c i e n t  f o r  r a d i a t i o n  s h i e l d i n g ,  
s i n c e  t h e  125-mil tantalum w a l l s  are about  t w i c e  as t h i c k  as 
necessary.  C o l l e c t o r  and fuel-element d i s c s  (shown i n  Figure 
54) a r e  mounted on s t u d s ,  t h r e e  s t u d s  f o r  t h e  c o l l e c t o r s ,  and 
t h r e e  s t u d s  f o r  t h e  f u e l  e lements .  Each s t u d  i s  bottom- 
screwed i n t o  tantalum plugs ,  which i n  t u r n  are mounted i n  
i n s u l a t o r s ,  which i n  t u r n  are mounted through t h e  tantalum 
containment v e s s e l  bottom p l a t e .  Collectors and f u e l  elements 
a r e  a l t e r n a t e l y  s tacked  onto  t h e  threaded  aluminum s tuds .  For 
example, each c o l l e c t o r  (see Figure  54) has t h r e e  ho le s  t o  
r ece ive  t h e  t h r e e  c o l l e c t o r  s tuds .  Each c o l l e c t o r  a l s o  has  
t h r e e  r e l i e f  s l o t s  through which t h e  fuel-element s t u d s  and 
space r s  can pass  without  con tac t ing  t h e  c o l l e c t o r .  Spacers  
maintain t h e  d e s i r e d  spacing between t h e  c o l l e c t o r s  and t h e  
f u e l  elements.  This  spacing can be changed by us ing  a l t e r -  
n a t e  sets of space r s .  A l l  space r s  are made from aluminum 
tubing  t o  f i t  e a s i l y  over  t h e  s t u d s ,  and have p r e c i s i o n  
l eng ths  t o  prevent  accumulation of p o s i t i o n i n g  e r r o r .  

E l e c t r i c a l  c o n t a c t  wi th  t h e  e l e c t r o g e n e r a t o r  can be 
made by a t t a c h i n g  e l ec t r i ca l  l e a d s  t o  t h e  tantalum plugs.  

Heat genera ted  i n  t h e  e l e c t r o g e n e r a t o r  can be r e j e c t e d  
from t h e  s u r f a c e  area of t h e  containment v e s s e l ,  which i s  
lrx6x11.3 + 2 x 1 ~ ~ 3 ~  = 270 c m 2  . 
t h e  1 6 . 4  w a t t s  of h e a t  can be r e j e c t e d  t o  surroundings a t  
300°K (23OC) i f  t h e  containment v e s s e l  has  a temperature  of  
319OK ( 4 2 O C ) .  H e a t  genera ted  i n  t h e  e l e c t r o g e n e r a t o r  can be 
t r a n s f e r r e d  from t h e  c y l i n d r i c a l  a r r a y  of  c o l l e c t o r s  and f u e l  
elements from t h e  o u t e r  area of  t h e  a r r a y ,  which i s  
11x5~10 + 2 ~ ~ ~ 2 . 5 ~  = 1 9 6  c m 2  , t o  t h e  containment v e s s e l .  
With an emi t tance  of u n i t y ,  t h e  1 6 . 4  w a t t s  can be t r a n s f e r r e d  
i f  t h e  f u e l  element and c o l l e c t o r  assembly i s  maintained a t  

With an emi t tance  of  u n i t y ,  
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425OK (152OC). This  i s  an acceptab le  ope ra t ing  temperature,  
so additional h e a t  r e j e c t i o n  s u r f a c e s  are n o t  n 
no tab le  t h a t  t h i s  qpe ra t ing  temperature  w i l l  be reached only 
when t h e  containment v e s s e l  i s  thermally isolated i n  a high 
vacuum. I f  the  vessel i s  mounted t o  a heat-conducting 
suppor t  s t r u c t u r e ,  t h e  ope ra t ing  temperature w i l l  be lower. 
Furthermore, conduction of heat along t h e  aluminum s t u d s  and 
aluminum spacers  t o  t h e  tantalum plugs has n o t  been included 
i n  the c a l c u l a t i o n s ,  and t h i s  mode of  h e a t  t r a n s f e r  w i l l  
also reduce the  ope ra t ing  temperature. 

For convenience i n  performing tests w i t h  t h e  ACCENT 
proto type  system, both the  bottom p la te  and the  cover p l a t e  
of t h e  containment v e s s e l  should be b o l t e d  t o  t h e  c y l i n d r i c a l  
por t ion .  Two cover plates should be provided, one w i t h  a 
f i t t i n g  f o r  attachment t o  a high-pressure SF6 system, and the  
o t h e r  w i t h  a f i t t i n g  f o r  attachment t o  a vacuum system. 
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the ACCENT system to a flight-prototype status. The first 
phase of this recommended program would include the fabri 
tion and testing of the prototype design desc 
previous sections, with a simulated thruster. The second 
phase would include aerospace safety analysis and design, 
assembly of a total flight-prototype ACCENT system including 
a liquid-spray thruster, and performance testing. 

Principal items in the first phase of the recommended 

a. fabrication and assembly of circular-disc electro- 
development program are as follows: 

generator without radioisotope fuel 
b. construction of electrical system 
c. construction of test console, with thruster simulator 
d. electric tests of cold electrogenerator with vacuum, 

SF6, solid dielectric, and solid spacers; with 
design changes and adjustments as required 

e. vacuum-deposition of promethium-147-oxide ontd fuel 

f. performance tests of system with simulated thruster 
elements 

load, over a wide range of conditions 

In the interest of obtaining realistic test results, it is 
recommended that the complete 40-element circular-disc design 
be planned for this phase of the development program. This is 
of particular importance in assessing the effectiveness of the 
thermal design of the electrogenerator, and in determining the 
influence of the total electrode surface area on leakage 
current and electric breakdown limits. 

Upon the successful completion of the first phase of the 
development program, it is recommended that a flight-prototype 
development phase be initiated. T is second phase would 
include the fallowing principal items: 

1 
J 

RECOMMENDED DEVELOPMENT PROGRAM FOR ACCENT SYSTEM 

A two-phase program is recommendedfor the development of 



a. 

b. 

C .  

d. 
e. 
f. 

4 9  

design of flight-prototype system, based on the results 

aerospace safety analysis, resulting in a firm design 

refinement of fuel-element design and fabrication 

construction of a liquid-spray thruster 
construction of flight-prototype system 
test of flight-protoype system 

obtained in the first-phase tests 

for the containment vessel 

methods to a satisfactory quality level 

Finally, it is recommended that other applications for 
the ACCENT electrogenerator, such as auxiliary power, should 
be considered wherever possible without undue expense to the 
ACCENT system development program. 
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APPENDIX A 

BE*A ENERGY SPECTRA 

Beta-decay energy spectra are conventionally presented 
in Fermi-Kurie plots such as shown in Figure Al, where N(n) 
is the number of betas per unit momentum interval, r) is 
the electron momentum after ejection from the atom in units 
of mc, m is electron mass, c is the speed of light, F is 
the Fermi function, and W is the total energy of the electron 
in units of mc . The following relations are of interest: 2 

2 E = mc (W-1) 

mc2 = .5109 Mev 

N(E) = N(r~)/[l-(l/W)~]’ (A41 

With these relations, the shape of the energy spectrum, 
N(E) versus E, can be obtained. Then the spectrum function 
f(E) versus E can be obtained by normalizing the N(E) plot 
to conform to the identity: 

Jomf (E) dE 3 1 (A51 

This method of obtaining the energy spectrum f(E) versus E 
is described in detail in the following paragraphs using 
the Fermi-Kurie plot (ref. Al) strontium-90 as an example. 

Because of the final normalization of N(E) to obtain 
f(E), the units of the ordinate of the Fermi-Rurie plot need 
not be defined. For convenience in the analysis, arbitrary 
units of 0 to 7 can be assigned to ordinate of the Fermi- 
Kurie plot shown in Figure Al. Conversion from the Fermi- 
Kurie plot to N(E) is shown in Table Al. End-point energy 
in Table A1 was obtained from ref. A2, and the end-point 
values of W and were adjusted to this value of end-point 
energy. It should also be noted that the Fermi-Kurie plot 



A2 

is nonlinear because the beta decay of stront 
forbidden transition. 

Columns 1 and 2 of Table A1 are obtained directly from 
the Fermi-Kurie plot, and columns 3 , 4 ,  and 5 are simple 
calculations as indicated. Th i function F listed in 
Column 6 was obtained for each of TI from ref A3. As 
described in the NBS Tables, F is a function of the electron 
momentum rl and the atomic number 2 of the daughter atom. 
Strontium-90 decays to yttrium-90, so Z=39. The remainder of 
the columns, 7 to 11, are simple calculations as indicated. 
The resulting energy density function N(E) can be plotted 
against E as shown in Figure A2. 

The plot of N ( E )  versus E can be normalized to obtain 
the spectrum density function f(E), which must conform to 
the identity expressed by equation (5 ) .  The energy density 
function f ( E )  fo r  strontium-90 obtained in this way is shown 
in Figure A3. 

Beta energy spectra for yttrium-90, promethium-147 
(ref. A4), and thullium-170 (ref. A4) , calculated by the 
same procedure and are shown in Figures A4-A6. 
energy spectrum for the strontium-40, ytrrium-90 decay process 
is shown in Figure A 7 .  

A combined 

Beta-energy spectra can be calculated from semi-empirical 
relations such as described in ref. A5. These relations could 
be incorporated directly into a computer program. 
for the purposes of the present study the Fermi-Kurie-plot 
method was used in the interest of expediency, and clarity 
of detail for better fundamental understanding from the 
engineering viewpoint. 

However, 
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APPENDIX E 

BETA RANGE - ENERGY 

Range-Energy data for beta particles passing through 
matter are conventionally presented in terms of range in 
milligrams/cm2 as a function of beta energy. 
refs. B1 and B2 are summarized in Figure 81. 

Data from 

For betas passing through materials other than alum- 
inum, the correction factors given in ref. B3 can be used 
to obtain the range R in centimeters: 

where o is the density in mg/cm2 of the material, A is 
the average molecular weight of the material, and Z is 
the average atomic number of the material. 
equation (Bl) can be expressed as: 

The range 

(B2) R= CR(mg/cm 2 I A l  

where CR is the range coefficient. Values of the range 
coefficient for a number of radioisotope fuel forms and 
materials are listed in Table B1. 

Beta range-energy plots for promethium-147-oxide, 
promethium-147-metal, thullium-70-oxide, and strontium-90- 
titanate are shown in Figures B2-B4. These range-energy 
relations were obtained from equation (B21,'Figure B1, 
and Table B1. The range-energy relations shown in these 
figures must be treated as approximations only, since the 
paths of beta particles through material are not straight 
lines. However, the random paths probably average out, 
so that the range-energy relations can be used in electro- 
generator performance calculations with confidence , partic- 
ularly since the relations are based on experimental data. 
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B3 

TABLE 31. Range coefficients f 
fuel farms, and materials. 

material or 
fuel form 

Pm (metal) 7,300 2.41 000159 
Pm2O3{90% dense) 6,600 2.34 
Tm203 (90% dense) 8,600 2.39 
SrTi03 (90% dense) 3,700 2.19 ,000284 
A1 
Be 
3 

Cd 
C 
Cr 
Cb 
cu 
Au 
Fe 
Pb 

Ms 
Mo 
Ni 
Pt 
Si 
Ta 
Ti 
W 
Zn 
Zr 

2,400 
1,800 
2,300 
8,600 
1,620 
7,140 
8,400 
8,300 

19,300 
6,900 

11,340 
1,570 

10,200 
8,900 

19,000 
2,400 

16,600 
4,500 

19,300 
6,700 
6,400 

2.08 
2.25 
2.16 
2.33 
2.00 
2.17 
2.27 
2.19 
2.50 
2.15 
2.53 
2.03 
2.29 
2.10 
2.51 
2.00 
2.48 
2.18 
2.49 
2.18 
2.28 

.000417 

.000600 

.000493 

.000131 

.000594 

.000149 

.000130 

.000127 

.000062 

.000150 

.000107 

.000620 

.000108 

.000113 
,000066 
.000401 
.000062 
.000233 
.000062 
.000157 
.000171 
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APPENDIX C 

ELECTROGENERATOR CURRE 

Electric c u r r e n t  c a r r i e d  by t tieles ac ross  
a vacuum gap from t h e  emitter t o  t h e  c o l l e c t o r ,  a g a i n s t  an 
adverse p o t e n t i a l  f i e l d ,  can be  c a l c u l a t e d  using t h e  be ta -  
energy s p e c t r a  and t h e  range-energy r e l a t i o n s  t h a t  were 
descr ibed  i n  preceding sec t ions .  

B e t a  p a r t i c l e s  emit ted from a d i f f e r e n t i a l  u n i t  volume 
wi th in  the f u e l . l a y e r  w i l l  have an i s o t r o p i c  d i s t r i b u t i o n  
as shown i n  Figure C1. 
passes  through t h e  a rea  2 n ( r s i n @ ) ( r d @ )  on t h e  surface of  an 
imaginary sphere of r a d i u s  r is: 

The f r a c t i o n  Ns/No of be t a  f l u x  t h a t  

((21) 
Ns/No = ( 2 n r  2 s in@de) /4nr2  = 1/2sin@d0 

where No is  the  t o t a l  beta f l u x  leaving  t h e  d i f f e r e n t i a l  
u n i t  volume. 

B e t a  p a r t i c l e s  emi t ted  from a u n i t  volume loca ted  a t  
a d i s t a n c e  x below t h e  su r face ,  and emi t ted  a t  an angle  
from t h e  s u r f a c e  normal w i l l  t r a v e l  a d i s t a n c e  x/cosO t o  
reach t h e  su r face ,  as shown i n  Figure C2.  I n  pass ing  through 
t h e  material f o r  t h i s  d i s t a n c e ,  t h e  be t a s  w i l l  l o s e  energy 
and w i l l  have an energy Es a t  t he  sur face .  
can be found from t h e  range-energy p l o t s  by en te r ing  the  
p l o t  a t  energy Eo, f i nd ing  t h e  va lue  of Ro a t  Eo, and sub- 
t r a c t i n g  t h e  increment i n  range x/cos@ 

The energy Es 

t o  f i n d  Rs a t  BS: 

The energy Es corresponds t o  t h e  va lue  of  RS on t h e  range- 
energy p l o t ,  as shown i n  Figure C3. 

The f r a c t i o n  of  t o t a l  b e t a  p a r t i c l e s  emi t ted  from t h e  
u n i t  volume between 0 and (@+do) i s  (1/2 s i n @  do) f (E)dE . 
T h i s  f r a c t i o n  i s  a func t ion  of  0 and of Eo, as shown i n  



c2 

There is an angle 
surface, and this 
energy Emax by: 

Rmax 
- - 

where Rmax is the 

Figure C4. 
and the angle 0 by range-energy condition Ro=x/cosQ , as 
shown in Figure C5. In other words, betas with energy 

Emin 
all their energy while passing through the distance x 

The energy Emin is related to the energy Eo 

will reach the surface with energy Es=O, having lost 

beyond which no betas will reach the @maX 
maximum angle is related to the end-point 

x/cosOmax 

range corresponding to the end-point 
energy Emax as shown in Figure C5. 

With the preceding relations, the fraction of total 
betas emitted from the unit volume between 0 and (@+do) 
can be determined as a function of E as shown in Figure 
C4. When there is no potential difference between the 
emitter and collector, the contribution to electrogenerator 
current from betas emitted between 0 and (@+do) is simply: 

f(0)do = (1/2 sin0do) SEmaxf (E) dE 

Emin 

and this contribution can be represented as a function,of 
0 as illustrated in Figure C6. 

When a (retarding) potential difference (I, exists 

surface energy Es>ES,min can travel to the emitter, where: 

I between the emitter and collector, then only the betas with 

as illustrated in Figure C2. For each value of 4 and of 0 , 
there will be a particular value for Emin as illustrated in 
Figure C7. For each value of (I, , the contribution to 
electrogenerator current from betas emitted between 0 



c3 

and (@+do) will depend on the value of E as shown in 
Figure C8. 

can be calculated from equation C4, with a different va 
of Emin for each 0 and 
Figure C9, 

The contribution to electrogenerator current 

, with a result aruch as shown in 

The portion of electrogenerator current contributed 
by unit volumes Located at a distance x below the fuel 
layer surface can be represented by: 

which is merely the area under the curves shown in Figure 
C9. This integration can be performed for a range of values 
of x to obtain the information illustrated in Figures C10- 
C12 for the radioisotope fuel forms promethium-147-oxide, 
thullium-170-oxide, and strontium-90-titanate, respectively. 
A digital-computer program for calculating the function 
f(x) is presented in Appendix D. 

Electrogenerator current density j can be determined 
from the information presented in Figures C10-C12 by in- 
tegration over the fuel-layer thickness ‘f : 

j = eN TTf f(x)dx 

where e is electronic charge (1.6~lO-~~coulomb) and N 
is the volume activity of the radioisotope fuel form (beta 
emissions/sec-cm ) .  The current density j is the electro- 
generator current per unit emitter surface area. Volume 
activities of radioisotope fuel forms are listed in ref. C1: 
promethium-147-oxide, 5018 curies/cm3 ; thulium-170-oxide, 
4550 curies/cm3 ; strontium-90-titanate, 139 curies/cm 

3 

3 
e 
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With t h e s e  volume activit ies,  t h e  cu r ren t  d e n s i t i e s  are: 

Tf  
(CS) 

Pm-147 
(Pm203, 90% dense) j = 299x103/ f ; (x)dx,  pamp/m 

0 

((29) 
Tm-170 j = 2 7 l o x l O f ~ ~ ( x ~ d x ,  uamp/m 
(Tm203, 90% dense) 

Beta-current  d e n s i t i e s  computed from t h e s e  equat ions  are 
shown i n  F igures  C13-Cl5. 
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FIG.cl- Isotropic emission of beta particles from 
a unit volume of radioisotope in the f u e l  layer. 

FIG.Ca - Energy l o s s  of beta particles 
in fuel layer. 
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FIG. C3 - Determination of beta energy Es at fuel- 
layer surface. 
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FIG. C13 - Electrogenerator beta-current density for 
Promethium-147-oxide fuel layers. (Pm203,90% dense). 
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APPENDIX D 

DIGITAL COMPUTER PROGRAM FOR CALCULATION 
OF ELECTROGENERATOR CURRENT 

A digital computer program for calculation of electro- 
generator current is presented in entirety in this Appendix. 
Essentially, the computer program calculates values of the 
definite integrals in equations (C8) to (ClO) in Appendix C. 
Notations used in this program are related to the notations 
of Appendix C as follows: 

RE2 = tabulated values of range, R, cm 
FEZ = tabulated values of spectrum density function, 

f (E), (MeV)-' 
FXTE = (%sin@)= f (E) 
ESA = beta energy, E, Mev 
FXP = f(x) 
FXTP = f (0) d0 
EZS = end point energy in beta spectrum, MeV 
DELEZ = increment in values of E in R and f(E) 

1 at i ons 
X = depth in fuel layer, x, cm 
PHI = electrogenerator voltage, 4 ,  Mev 
THETA = angle from surface normal, 0, radians 
TH = angle from surface normal, 0, radians 
THMAX = maximum value of angle from surface normal 

radians 

tabu- 

Omax , 
ESMIN = minimum value of beta energy for given values of 

DELR = increment in range, Ro-Rs , cm 
RN = value of 
R = value of 

Eo and 0, Emin, MeV 

R 

R 

at fuel-layer surface, Rs , cm 
at Eo , Ro , cm 

ES = beta energy at fuel-layer surface, Es, cm 
FTH = 4 sin0 

The computer program is shown on the following pages. 
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APPENDIX E 

DIELECTRIC BETA LOSSES AND LEAKAGE CURRENT 

Three types of dielectric can be considered 
ACCENT system electrogenerator: vacuum, gas, and sol 
Each of these has certain advantages and disadvantages, as 
discussed in the following sections. The function of the 
dielectric is to preserve the potential difference between 
emitter and collector by preventing electric breakdown, and 
to perform this function with a leakage current that is small 
compared to the electrogenerator current. At the same time, 
the dielectric should have properties conducive to the design 
of a compact, light-weight electrogenerator. High dielectric 
strength, high resistivity, and high range coefficient ard 
desirable characteristics. High range coefficients for gas 
and solid dielectrics are required in order to minimize beta 
energy loss in passing through the dielectric. 

Vacuum Dielectric 

The phrase vacuum dielectric is probably misused in the 
literature because experiments usually have been done in 
partial vacuums (e.g. above 10-lOtorr) where adsorbed gas 
films may have much to do with leakage current and breakdown 
voltage. For example, recent experiments (ref. El) have 
shown that a residual gas pressure can provide more than an 
order of magnitude increase in the threshold voltage for 
significant pre-breakdown currents. These experiments in- 

" dielectric contains about 10-4torr 
Lectrodes with about one square meter 

he threshold voltage is much more than 600,000 

a spaced' at 
o microamper 

cm, for a pre-breakdown current 
e area o f  one 

system electrogenerator 
2 

20 microamperes/m 
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is fairly small compared with the electrogenerator current 
densities quoted in Appendix C.) 

For high vacuum conditions where adsorbed gas films 
have negligible effect on pre-breakdown currents, the 
Fowler-Nordheim theory (refs. E2, E3) is in excellent agree- 
ment with experiment as shown by some recent work (refs. 
E4-E6). 
microscopic protrusions from the electrode surface have high 
local electric field strength because of the very small radius 
of curvature of the tip of the protrusion. (Existence of such 
protrusions has been experimentally verified, and they are 
presumably present on the surface of all engineering materials, 
but their formation is not yet understood, ref. E7). 

The Fowler-Nordheirn theory is based on a model where 

Considerable attention has been given to the Fowler- 
Nordheim theory, resulting in the following expression (ref. 
E5) for pre-breakdown leakage current Jl,p (amperes) z 

where Se is the electrode area that actually emits electrons 
(ie, the emission area of the protrusions), 6 is a field- 
amplication factor (typically 100 to 300), $ is the voltage 
between the electrodes, $w 

g is the inter-electrode gap (spacing), and fl and f2 

electrolytically polished copper electrodes have been found 
to vary between 140 and 247  over a range of electrode gaps 
from 0.3 to 1.9 mm, although this variation was not regular 
(ref. E5). 

is the electrode work function, 

Values of 6 for are slowly varying functions of E 4 /$w . 

A typical variation of pre-breakdown leakage current 
with dppiied voltage 1s shown in Figure El (ref. E5). From 
the slope of this da , 6 wqs calculated to be 248, and the 
(protrusion) emi s si0 determined from equation (El) 
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to be Se = 4.8 x cm2 . The measurements reported in 
ref. E5 were taken at pressures of 10’’ torr, so surface gas 
films should be absent or negligible and the data should be 
applicable to the ACCENT electrogenerator design. However, 
there is no known way of fabricating electrodes with a 
specified emission area se . 

In the absence of firm design criteria, recourse must 
be made to flexibility in the design. By inspection of 
equation (El), it is evident that the pre-breakdown leakage 
current is strongly dependent on the applied field strength 
$/g . For example, a 10% reduction in field strength in 
Ehe upper-voltage range of Figure El results in an order-of- 
magnitude reduction of pre-breakdown leakage current. This 
implies that a 10% increase in the electrode spacing would 
achieve the same effect. In fact, this observation is borne 
out by the data of ref. E5 for copper electrodes with spacings 
from 0.3 to 2.0 mm, and there is every reason to believe that 
the same trend would be valid for aluminum electrodes since 
the work functions are nearly the same (Al, 4.08 ev; Cu, 4.2 
ev; W, 4.5 ev). From this discussion, it is reasonable to 
design the electrogenerator with provision for changing the 
electrode spacing somewhat in order to achieve negligible 
pre-breakdown leakage currents. 

In the light of the discussion so far, it is not sur- 
prising that firm design parameters are not available for 
vacuum electric breakdown. Applied field strengths of more 
than 10 v/cm over an electrode-spacing range of 0.05 mm to 
1.0 mm have been measured (ref. E8) after conditioning of 
electrode surfaces with low-energy electric discharges. With- 

5 out conditioning, breakdown at field strengths of only 2.5~10 
to 4.6~10 v/cm has been observed (ref. E5). Under the 
circumstances of such conflicting data, it seems advisable 
to design for the lower field-strength values, say, for 
1x10 
reducing electrode spacing by as much as a factor of ten 
during development of the ACCENT system. 

6 

5 

5 v/cm (e.g., 10,000 volts per mm) with provision‘for 
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Another source of leakage current in an electrogenerator 
with vacuum dielectric is secondary electron emission fr 
the collector. Secondary electrons will be emitted as a 
result of beta particles incid on the collector, and it 
is evident that the secondary electrons will fall into the 
emitter (fdel element) thereby constituting a leakage current. 
There is sufficient data in the literature to form a basis 
for estimating the magnitude of electrogenerator leakage 
current due to secondary electron emission. 

In the low-energy range of primary electron energy (i.e.r 
beta energy at the collector in the electrogenerator), secon- 
dary electron emission can be quite large. A secondary 
electron coefficient 6 is defined as the ratio of secondary 
electrons to primary electrons; and this coefficient is zero 
at zero primary energy, then rises to a maximum value 6max 
at some primary energy E and then decreases as primary 

and E are listed in energy is increased. Values of 6max 
Table E l  for a number of materials (refs. E 8 ,  E9). 

P' 
P 

At primary-electron energies above E the secondary- 
electron emission coefficient falls rapidly to low values, 
as illustrated in Figure E2. The Sternglass theory is in 
agreement with much experimental data (ref. E9), and is con- 
sidered to be more reliable than data such as from ref. E10, 
for the purposes of the present study. 

P' 

At primary-electron energies well above E the secondary- P' 
electron-emission coefficient becomes roughly constant as 
shown in Figure E3 (data from refs. Ell, E12). It is notable 
that the data for aluminum in Figure E3 are in substantial 
wreiement with the theory of Sternglass shown in Figure E2. 

escribed so far have been for normal incidence, 
the electrogenerator collector at 

a1 and grazing incidence. Experimental 
s that the secondary-electron-emission 

incidence (from normal) may @e qbout. twicg 
the value fok normal incidence. i 
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From t h e  a v a i l a b l e  da t a ,  it appears t h a t  t h e  secondary- 
e lectron-emission c o e f f i c i e n t  can be assigned a design va lue  
of  0.03, and t h a t  t h i s  va lue  should prove t o  be conservat ive.  

B e t a  p a r t i c l e s  a r r i v i n g  a t  t h e  c o l l e c t o r  may be r e f l e c t e d  
(backsca t t e red ) ,  and r e t u r n  t o  t h e  emitter, thereby forming 
a t h i r d  kind o f  leakage cu r ren t .  Electron-backscat ter ing 
c o e f f i c i e n t s  have been measured over  a wide range o f  primary 
e l e c t r o n  energy, as shown i n  Figure E$( re f s .  E12-El5). I n  
gene ra l ,  t h e  e l e c t r o n  backsca t t e r ing  c o e f f i c i e n t  rl decreases  
wi th  atomic number of t h e  t a r g e t  material, so aluminum appears 
t o  be a good choice f o r  a c o l l e c t o r  m a t e r i a l  on t h i s  bas i s .  
A t  low primary e l e c t r o n  energy, carbon i s  repor ted  t o  have 
~=.08 ( r e f .  E15),  and beryl l ium i s  repor ted  t o  have n=.08 
(ref.  E l O ) ,  so these a l s o  appear t o  be candidates  f o r  c o l l e c t o r  
ma te r i a l s .  

The d a t a  shown i n  Figure E4 are f o r  normal incidence,  
and t h e  e l e c t r o n  backsca t t e r ing  c o e f f i c i e n t  i nc reases  with 
inc idence  angle  of t h e  primary e l e c t r o n ,  as shown i n  Figure 
E5 (refs. E 1 2 ,  E13). Some approximate t h e o r e t i c a l  c a l c u l a t i o n s  
repor ted  i n  ref. E13 i n d i c a t e  t h a t  t h e  o v e r a l l  backsca t te r ing  
c o e f f i c i e n t  f o r  e l ec t rogene ra to r s  wi th  aluminum c o l l e c t o r s  
may be 0=.20  . 

I n  summary there are three sources  of leakage c u r r e n t  
i n  e l ec t rogene ra to r s  wi th  vacuum dielectric:  

1. pre-breakdown ( f i e l d  emission) leakage c u r r e n t  
, which can be made n e g l i g i b l e  by reducing t h e  e l e c t r o -  

2. secondary-electron emission c u r r e n t  Jl,e , which 

J l , P  
genera tor  e lec t r ic  f i e l d  s t r e n g t h .  

should be aipcqt 3% qf t h e  e l ec t rogene ra to r  c u r r e n t ,  with 
alumippm co l$ec to r s  . 
be as g r e a t  as 20% of  t h e  e l ec t rogene ra to r  c u r r e n t ,  wi th  
aluminum c o l l e c t o r s ,  and as g r e a t  as 1 0 %  with beryl l ium 
c o l l e c t o r s .  , 

7. backsca t te red-e lec t ron  current; J1,@ , which may 
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Gas lectric 

A gas  wi th  a l a r g e  electron-at tachment  cross-section, 
such as SF6, can be used as a d i e l e c t r i c .  
e l e c t r o n s  by t h e  gas  d i e l e c t r i c  r e s u l t s  i n  t h e  electric 
c u r r e n t  being c a r r i e d  by slow-moving SF6 negat ive  ions ,  
thereby redacing t h e  cu r ren t .  I n  t h i s  way a discharge can 
be quenched before  it becomes ca t a s t roph ic .  Furthermore, t h e  
leakage c u r r e n t  i s  reduced. I f  t o t a l ,  complete, containment 
of t h e  e l ec t rogene ra to r  assembly is an abso lu te  nuc lear  s a f e t y  
requirement,  then  a gas  d i e l e c t r i c  may be a very d e s i r a b l e  
design concept.  

Capture of 

I n  leakage c u r r e n t s  through a gas  d i e l e c t r i c ,  t h e  most 
important mechanism involved i s  impact i o n i z a t i o n  caused by 
e l e c t r o n s  o r i g i n a t i n g  from t h e  e l ec t rodes  o r  from t h e  gas 
i t s e l f  i n  t h e  i n t e r e l e c t r o d e  space,  which are acce le ra t ed  by 

. t h e  appl ied  e lectr ic  f i e l d  t o  energy l e v e l s  s u f f i c i e n t  to  cause 
i o n i z a t i o n  of  t h e  n e u t r a l  gas  atoms. When condi t ions  i n  t h e  
i n t e r e l e c t r o d e  space produce e l e c t r o n  energ ies  g r e a t e r  than  
t h e  i o n i z a t i o n  energy (15.7 ev  f o r  SF6) an i n i t i a l  e l e c t r o n  
c u r r e n t  w i l l  be ampl i f ied  through a mechanism f i r s t  descr ibed  
by Townsend who found experimental ly  t h a t  t h e  ampl i f ied  c u r r e n t  
J could be expressed by: 

where g i s  t h e  gap d i s t ance  between the  e l e c t r o d e s  and 
Jo i s  t h e  i n i t i a l  e l e c t r o n i c  cu r ren t .  The c o e f f i c i e n t  a! 

i s  known as Townsend's F i r s t  Coe f f i c i en t .  Figure E6 is  a 
p l o t  o f  a!/p a g a i n s t  E/p f o r  s u l f u r  hexaf lour ide  (from r e f .  
E16)  where p i s  t h e  pressure ,  and E i s  t h e  electric f i e l d  
s t r e n g t h  . 

Although t h e  above mechanism w i l l  r e s u l t  i n  an inc rease  
i n  e l e c t r o n i c  c u r r e n t  (and thus  inc rease  leakage c u r r e n t )  no 
complete breakdown w i l l  occur unless  a d d i t i o n a l  f r e e  e l e c t r o n s  
are produced by secondary processes  which are more complicated 
than t h e  primary electron-atom c o l l i s i o n  process ,  These 

3 
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processes  may inc lude  secondary emission of e l e c t r o n s  by 
bombardment of t h e  cathode by t h e  r e tu rn ing  p o s i t i v e  ions ,  
o r  by p h o t o e l e c t r i c  a c t i o n  a t  t he  cathode o r  photo ioniza t ion  
i n  t h e  gas  i t se l f ;  t h e  l a t t e r  two caused by r a d i a t i o n  from 
t h e  i n i t i a l  i o n i z a t i o n  process .  

expressed as: 
The c r i t e r i o n  f o r  complete electrical  breakdown can be 

[vexp(ag)] -y = 1 (333) 

where y i s  Townsend’s Second Coef f i c i en t .  For e l e c t r o -  
nega t ive  gases ,  a f u r t h e r  process  must be considered; t h a t  
of e l e c t r o n  attachment.  An attachment c o e f f i c i e n t  n can be 

determined f o r  such gases  and i s  def ined  as the mean number 
of attachments per  u n i t  l ength  of e l e c t r o n  t r a v e l  i n  t h e  
d i r e c t i o n  of t h e  electric f ie ld .  A p l o t  of  q/p a g a i n s t  E/’p 
f o r  SF6 i s  shown i n  Figure E7. 

The breakdown c r i t e r i o n  f o r  an e l ec t ronega t ive  gas  i s  
then  given by: 

L J 

The t e r m  (a-n) i s  the  n e t  i ons  pe r  c m  of e l e c t r o n  t r a v e l  
i n  t h e  d i r e c t i o n  of  t h e  e lectr ic  f i e l d .  Figure E8 shows 
( a - q ) / P  p l o t t e d  a g a i n s t  E/P f o r  SF6.  

i s  g r e a t e r  than  a e l e c t r o n s  are removed f a s t e r  than  they  
are produced r e s u l t i n g  i n  a s i t u a t i o n  whereby e lec t r ica l  
breakdown cannot occur.  

I n  t h e  reg ion  where n 

Figure E9 i s  a p l o t  of t he  maximum safe p o t e n t i a l  d i f fe r -  

ence Vmax a g a i n s t  gap d i s t a n c e  (uniform plane e l e c t r o d e s )  f o r  
var ious  va lues  of  gas  p re s su re  f o r  SF6.  I f  t h e  va lue  of Vmax 

i s  n o t  exceeded the  leakage c u r r e n t  w i l l  n o t  exceed va lues  
t h a t  would r e s u l t  f o r  vacuum i n s u l a t i o n  of  t h e  two e l ec t rodes .  

The fol lowing assumptions have been made i n  c a l c u l a t i n g  
t h e  above information:  
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a. 
o f  i n t e r e s t .  

A l l  of t h e  r e l a t i o n s  hold a t  t h e  p re s su re  l e v e l s  

b. No o t h e r  mechanisms a r e  p re sen t  f o r  t h e  product ion 
of i o n i z a t i o n .  
I f  t h e  passage of b e t a  p a r t i c l e s  through t h e  SF6 gas  pro- 
duces an apprec iab le  amount of i o n i z a t i o n ,  then t h e  ope ra t ing  
vo l t age  might be lowered t o  avoid electric breakdown ( o r  t h e  
e l e c t r o d e  spacing could be i n c r e a s e d ) .  

Because of t h e  r e l a t i v e l y  low d e n s i t y  of gaseous dielec- 
tr ics,  the  i n t e r a c t i o n  of b e t a s  wi th  t h e  c o l l e c t o r  can be 
expected t o  be e s s e n t i a l l y  t he  same a s  with a vacuum dielectr ic ;  
e . g . ,  t h e r e  w i l l  s t i l l  be about 3% leakage c u r r e n t  due t o  
secondary e l e c t r o n  emission,  and a s  much as 20% leakage c u r r e n t  
due t o  e l e c t r o n  backsca t t e r ing  from aluminum c o l l e c t o r s  and 
1 0 %  w i t h  bery l l ium c o l l e c t o r s .  I f  t he  f a c t o r  (a-n) i n  Figure 
E8 has a negat ive  va lue ,  then  the leakage c u r r e n t  due t o  
secondary e l e c t r o n  emission might be suppressed, however , this  
c u r r e n t  i s  only about 3% of t h e  e l ec t rogene ra to r  c u r r e n t  so 
such a suppression would n o t  apprec iab ly  improve t h e  e l e c t r o -  
gene ra to r  performance. 

Backscat tered e l e c t r o n s  have an energy spectrum t h a t  i s  
continuous from zero  energy t o  t h e  primary e l e c t r o n  energy 
so most of t h e  backsca t te red  e l e c t r o n s  w i l l  have ene rg ie s  
of the o r d e r  of t h e  primary b e t a  energy i n  t h e  e l e c t r o -  
genera tor .  Because of t h e  r e l a t i v e l y  high energy of the 
backsca t te red  e l e c t r o n s ,  it seems u n l i k e l y  t h a t  t h e  leakage 
c u r r e n t  due t o  backscattered e l e c t r o n s  
apprec iab ly  even i f  t h e  f a c t o r  (a-q)  is  made negat ive .  

w i l l  be suppressed 

I n  summary, it appears  t h a t  t h e  use of  a gaseous dielec- 
t r i c  such as  SF6 could provide much c l o s e r  e l e c t r o d e  spacings 
than p o s s i b l e  with a vacuum dielectric, bu t  t h a t  on ly  a 
s l i g h t  reduct ion  i n  leakage c u r r e n t  can be  expected. 
example, i f  t h e  SF6 pres su re  were 1000 t o r r ,  a 20-mi l  (.5mm) 
gap could suppor t  about 7000 v o l t s ,  and a 1 0 0 - m i l  (2.5 mm) 
gap could support  about 30,000 v o l t s .  With s l i g h t l y  lower 
vo l t ages ,  o r  s l i g h t l y  h igher  gaps,  pre-breakdown and secondary- 

For 

"a 
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e l e c t r o n  leakage c u r r e n t s  might be suppressed by t h e  SF6, 

l eav ing  only t h e  leakage c u r r e n t  due t o  backsca t te red  
e l e c t r o n s .  

So l id  Dielectric 

S o l i d  d i e l e c t r i c s  o f f e r  t h e  p o s s i b i l i t y  of c lose-  
spaced e l e c t r o d e s ,  wi th  a corresponding decrease  i n  
e l ec t rogene ra to r  s i z e .  P r o p e r t i e s  of  some s o l i d  d i e l e c t r i c  
materials are l i s t e d  i n  Table E2.  

B e t a  p a r t i c l e s  must pass through t h e  s o l i d  d i e l e c t r i c  
i n  o rde r  t o  reach t h e  c o l l e c t o r .  Therefore,  t h e  range 

of t h e  d i e l e c t r i c ,  and t h e  r a t i o  of C c o e f f i c i e n t  C 
of  t h e  f u e l  form t o  CR,d,are important parameters.  
a l e n t  th ickness  T of t h e  d i e l e c t r i c  i s  simply: 

R,  f 
Equiv- 

R , d  

eq 

where T i s  t h e  a c t u a l  (phys i ca l )  th ickness  of t h e  d i e l ec -  
t r i c .  The  c u r r e n t  of b e t a s  reaching t h e  c o l l e c t o r  can be  
es t imated  a s  shown i n  Figure E I O .  

d 

I n  making t h i s  e s t ima te  it is  assumed t h a t  t h e  d i e l e c t r i c  
merely a c t s  as a ma te r i a l  o b s t r u c t i o n  t o  the  passage of b e t a  
p a r t i c l e s .  T h i s  i s  equ iva len t  t o  assuming t h a t  t h e r e  i s  no 
e lectr ic  f i e l d  throughout most of the  d i e l e c t r i c ,  e .g . ,  
t h e  e l e c t r i c  p o t e n t i a l  i n  most of  t h e  d i e l e c t r i c  i s  t h e  same 
as t h a t  of  t he  f u e l  element. There i s  evidence t h a t  t h i s  
assumption may be v a l i d ,  f o r  some d a t a  ( r e f .  E 1 7 )  show t h a t  
e s s e n t i a l l y  a l l  of t h e  p o t e n t i a l  drop i n  a s o l i d  d i e l e c t r i c  
between two conductors occurs  near  t h e  cathode (which is  t h e  
c o l l e c t o r  i n  t h e  ACCENT e l e c t r o g e n e r a t o r ) .  I t  i s  notab le  
t h a t  t h i s  experimental  observa t ion  i s  supported by d e t a i l e d  
t h e o r e t i c a l  ana lys i s .  If t h e r e  i s  a s u b s t a n t i a l  p o t e n t i a l  
drop near  t h e  emitter, then t h e  b e t a s  would l o s e  some of 
t h e i r  energy i n  t h a t  reg ion ,  and would t r a v e l  through t h e  
remainder of t h e  s o l i d  d i e l e c t r i c  a t  t h e  reduced energy; i n  
t h i s  event  t h e  mthod used here  would n o t  be v a l i d .  However, 
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the present method should be a good first approximation 
even if there is an appreciable electric field at the beta 
emitter electrode (the fuel element). 

The estimate of beta current illustrated in Figure 
E10 can be expressed as follows: 

I 

where the constant K is given in Appendix C for each 
particular radioisotope fuel form. A further illustration 
of this estimate of beta current through a solid dielectric 
is shown in Figure Ell. This figure is a portion of the 
beta-current density figures in Appendix C. Beta current 
lost by absorption in the dielectric is represented by 
corresponding to the equivalent thickness T of the solid 
dielectric. Beta-current density arriving at the collector 
is the difference between the current density at (T + T ~ )  

and 
the shaded portion of Figure E10 multiplied by the constant 
K as in equation (E6). 

ja 

eq 

eq 
ja , since this difference is identically the area under 

The approximate method described above can be used to 
obtain estimates of beta-current density arriving at t 
collector in electrogenerators with solid dielectrics, as 
shown in Figures E12 and E13. By comparison with the figures 
in Appendix C, it can be seen that a solid dielectric would 
decrease the beta current in a promethium-147-oxide electro- 
generator by 40% or more, depending on the voltage. Reduction 
in beta current would be much less in a strontium-90-titanate 
electrogenerator. For example, a 5-mil thick polyimide di- 
electric would have an equivalent thickness of 0.0127 cm; 
and by inspection of the figure in Appendix C for strontium- 
90-titanate fuel layers, it is evident that the reduction in 
beta current-density by the dielectric would be about 70 
micro-amperes/m2 out of a total of more than 350 micro- 
amperes/m . 2 
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In using Figures E12 and E13, it must be remembered 
that the dielectric has an electric-breakdown limit. Di- 
electric strength is shown in Figure E14 for several dielec- 
tric materials. Below the electric-breakdown limit, leakage 
current through the dielectric can be characterized by a 
volume resistivity, and this property is shown in Figure E15 
for several dielectric materials. 

Whether these electrical properties will be affected 
by radiation damage from beta rays and bremsstrahlung is a 
moot question. Available information on radiation damage 
to dielectrics [ref. E18) indicates that the electrical 
properties are virtually unchanged until catastrophic break- 
down occurs at high total doses such as 1OI8 n.v.t., lequiv- 
alent to a gamma dose of at least 5x1Q8 rad. 
of Kapton H-film irradiated with 2-Mev electrons indicate 
breakdown at about 5x10’ rad. The average energy of becas 
passing through the dielectric is probably of the order of 
.03 MeV, and about 40% of the beta current is lost in the 
dielectric as calculated above. But only about 10% of the 
total beta emission is involved, so only about 4% of the 
total activity could be lost in the dielectric. 
energy absorption in the dielectric is about: 

Tests 

The rate of 

(E71 2 dE/dt = ( a 03 MeV) x (. 04x3. 7x1010xcuries/cm ) 

For a fuel-layer thickness of 0.005-cm (2-mil), there is 
about .005x5020= 25.1 curie/cm2 , so dE/dt= l.l~lO’~(ev/cm ) /  

sec. With a polyimide dielectric thickness of 1-mil 
(.00254 cm) , there is about 1.42x.00254 = .0036 gm/cm2, 80 

the energy absorption in the dielectric material is about 
dE/dt = 0.31 x 1018(ev/gm)/sec. 
100 erg/gm, which is 0 . 6 2 4 ~ 1 0 ~ ~  ev/gm, so the beta dose rate 
in the dielectric is about 0.5~10 rad/sec. At this dose 
rate, a total dose of 5x10’ rad would be reached in lo6 sec, 
or 280 hours. Even if this calculation were off by an order 
of magnitude, it would predict radiation damage problems with 

2 

One rad corresponds to 

4 
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the dielectric in promethium-147 ACCENT electrogenerators 
intended for long-life application. Strontium-90-titanate 
has a volume activity of only 139 ouries/cm3 , so the di- 
electric dose rate would be much less than in promethium-147 
electrogenerators. Detailed calculation of beta energy loss 
in the dielectric could be made,but the value of such calcu- 
lations would be questionable, Direct experimental evidepce 
appears to be the most satisfactory way of answering the 
radiation damage question for solid dielectrics in the ACCENT 

electrogenerator. For the remainder of this discussion it is 
assumed that the electrical properties of solid dielectrics 
are not affected by the radiation environment of the electro- 
generator. 

Ohmic leakage current through the dielectric is simply: 

where 4 is the electrogenerator voltage, p is the dielectric 
volume resistivity, and 
Ohmic leakage currents through polyimide dielectrics of 
various thicknesses, and with various electrogenerator volt- 
ages are shown in Figure E16. From this figure, it is evi- 
dent that for dielectric temperatures below 12OoC, the ohmic 
leakage current will be an order of magnitude lower than the 
beta current arriving at the collector (see Figure E12 for 
comparison) . 

is the dielectric thickness. ‘d 

In summary, leakage current through solid dielectrics 
will he made up mostly of betas reflected from the collector. 
Secondary electrons emitted from the collector will be merely 
a part of the ohmic leakage current, which in turn can be 
maintained at a few percent of the electrogeneratar current 
if the dielectric is at a temperature less than 100°C. The 
major loss in electrogenerator current will be beta absorption 
in the solld dielectric, which’ will be from a $ew percent to 
over 40% depending on the type of dielectric, dielectric 
thickness, and type of radioisotope. Whether radiation 
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damage to the dielectric will be a problem probably can be 
best resolved by direct experience in real electrogenerators. 
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TABLE E l  - Maximum secondary-electron-emission coefficients 
for various target materials. 

target material 

Be 
C 

cu 
Fe 

Mg 
Mo 
Ni 
Pt 
Ti 
w 
Zr 

- 'max 

1.5 
1.0 
1.46 
0.6 
1.0 
1.3 
1.3 
0.95 
1.25 
1.3 
1.6 
0.9 
1.4 
1.1 

Ep, MeV 

.0008 

.0003 

.0008 
,0002 
.0003 
.0006 
.00035 
.0003 
.000375 
,00055 
,0008 
.00028 
.0006 
.00035 
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TABLE E2 - Properties of some dielectric ma 

property 

n 

a, a 
-4 
k 
c, 
-4 c 

h 

p1 c 
a, 
rl 
h 

a, 
I 
0 
k 
7 
0 
rl 
4-1 
rd 
k 
c, 
a, 
c, 

9 

v 

I= 
0 
rl w 
a, 

€4 

3000 550 460 430 750 
2100 2200 1120 1420 

0 Max. useful temp., F 
Density, mg/cm 3 

vol. resist., ohm-cm lo1* 4x1015 1 . 4 ~ 1 0 ~ ~  (at 230C) 
diel. strength, volt/mil 4000 500 5000 6500 7000 

range coeff. , CR, .000474 .000725 .000843 .00061 
(at 23OC) 

'R, Pm2 0 #R, d 

'R, Tm203/'R,d 

'R, SrTiO;/CR, d 

.361 .236 .203 .280 

.283 .185 .159 .220 

.599 .392 .337 .466 
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Id 
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rl 
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APPENDIX F 

THERNAL DESIGN CONSIDERATIONS 

Conduction of h e a t  i n  t h e  electrogenerator electrodes i s  
of fundamental importance i n  e s t a b l i s h i n g  e l e c t r o d e  dimensions 
t h a t  w i l l  provide a s a t i s f a c t o r i l y  l o w  peak temperature i n  
t h e  e l ec t rode .  This  is  of p a r t i c u l a r  importance f o r  solid- 
d i e l e c t r i c  e l ec t rogene ra to r s  where t h e  r e s i s t i v i t y  of t h e  
d i e l e c t r i c  decreases r a p i d l y  as temperature increases .  Heat 
genera t ion  and h e a t  flow i n  vacuum-dielectric e l ec t rogene ra to r s  
i s  i l l u s t r a t e d  i n  Figure F1. 

Heat genera t ion  and flow i n  t h e  emitter of a vacuum- 
d ie lec t r ic  e l ec t rogene ra to r  can be expressed (by re ference  
t o  Figure F1) a s  follows: 

x .  
-kA(dT/dx) = wE (QG/S - QD/S)dx Jo 

where k i s  thermal conduct iv i ty ,  A i s  cross -sec t iona l  
area, wE i s  e m i t t e r  width,  and 
c e n t e r  of symmetry ( i e ,  peak temperature l o c a t i o n )  of t h e  
e m i t t e r .  A t y p i c a l  va lue  f o r  t h e  h e a t  genera t ion  t e r m  i s  
6,/S = 90 w a t t / m 2  f o r  2 - m i l  t h i c k  l a y e r s  of  promethium-147- 
oxide ( 9 0 %  dense) .  Radiation h e a t  t r a n s f e r  between t h e  
e m i t t e r  and c o l l e c t o r  is: 

x i s  measured from t h e  

where u is  t h e  Stefan-Boltzman cons tan t ,  and where and 
are emi t tances  of t h e  emitter and c o l l e c t o r  r e spec t ive ly .  

Radiat ion h e a t  t r a n s f e r  rates determined f r o m  equat ion (F2)  

are shown i n  Figure F2. From inspec t ion  of t h i s  f i g u r e  it 
is  ev iden t  t h a t  t h e  in tegrand  i n  equat ion  (Fl) w i l l  be 

n e g l i g i b l e  when t h e  emitter temperature i s  about  5OoC and 
t h e  collector temperature is  300°K. 
e m i t t e r  temperature,  a l l  of t h e  h e a t  genera ted  i n  t h e  
emitter can be t r a n s f e r r e d  by r a d i a t i o n  t o  t h e  collector if 
t h e  c o l l e c t o r  i s  maintained a t  300°K ( 2 7 O C ) .  If t h e  c o l l e c t o r  

I n  o t h e r  words, a t  5OoC 



must be  opera ted  a t  a h igher  temperature ,  t t h e  emitter 
temperature  would be  h igher  also, f o r  example, when t h e  
collector must be  maintained a t  400°K, t h e  emitter temperature 
must be a t  about 13OoC i f  t h e  h e a t  generated i n  t h e  emitter 
i s  t o  be t r a n s f e r r e d  by r a d i a t i o n  t o  t h e  c o l l e c t o r .  

Co l l ec to r  temperature must be high enough t o  provide 
adequate h e a t  r e j e c t i o n  t o  t h e  s p a c e c r a f t  o r  t o  space. I f  
t h e  ACCENT system i s  i n t e g r a t e d  i n t o  t h e  s p a c e c r a f t  i n  such 
a way t h a t  it i s  surrounded by t h e  s p a c e c r a f t  s t r u c t u r e ,  then  
t h e  h e a t  s i n k  temperature i s  t h e  s p a c e c r a f t  temperature.  For 
example, i f  t he  s p a c e c r a f t  s t r u c t u r e  i s  a t  300°K, then t h e  
c o l l e c t o r  temperature must be enough g r e a t e r  than 300°K t o  
provide adequate t r a n s f e r  of hea t .  I f  t h e  c o l l e c t o r  elec- 
t rodes  t r a n s f e r  h e a t  by conduction t o  a collector support  
s t r u c t u r e ,  and i f  t he  c o l l e c t o r  support  s t r u c t u r e  must 
re ject  t h e  heat t o  t h e  s p a c e c r a f t  s t r u c t u r e  by thermal r ad i -  
a t i o n ,  then a c o l l e c t o r  temperature of 100°C (373OK) would pro- 
v ide  a t r a n s f e r  of 650 w a t t / m 2  t o  a 300°K s p a c e c r a f t  s t r u c t u r e  
(see Figure F2) .  I n  t u r n ,  an e m i t t e r  temperature of  about 
12OoC would provide adequate r a d i a t i o n  h e a t  t r a n s f e r  t o  t h e  
c o l l e c t o r .  From t h i s  d i scuss ion ,  it appears t h a t  emitter 
temperatures of 15OoC o r  less G i l l  be s a t i s f a c t o r y .  

For thermal  r a d i a t i o n  t o  be e f f e c t i v e  i n  t r a n s f e r r i n g  
heat from t h e  e m i t t e r  t o  t h e  c o l l e c t o r ,  t h e  c o l l e c t o r  must 
have a nea r ly  uniform temperature p r o f i l e .  I f  it i s  assumed 
t h a t  t h e  r a d i a n t  h e a t  a r r i v e s  a t  t h e  c o l l e c t o r  uniformly, 
then a simple a n a l y s i s  can be made of the  collector temper- 
a t u r e  p r o f i l e .  This  assumption is  e s s e n t i a l l y  t h a t  bD/S i s  
t h e  same everywhere on t h e  c o l l e c t o r  s u r f a c e  shown i n  Figure 
F1, so t h e  h e a t  f low equat ion  f o r  t h e  c o l l e c t o r  is: 

Since Q / S  i s  assumed cons t an t ,  then: D 



In t eg ra t ing :  

-kfTRdT wC ((&/SI Y dY 

TO 

(F5) 

where wc i s  t h e  c o l l e c t o r  width, and L i s  t h e  c o l l e c t o r  
length .  The c ross -sec t iona l  area i s  A = w T , where T~ 

i s  c o l l e c t o r  th ickness ,  so equat ion (F5) becomes: 
c c  

where To i s  t h e  peak temperature ( a t  t h e  middle of t h e  
c o l l e c t o r  l e n g t h ) ,  and TR i s  t h e  temperature of t h e  
c o l l e c t o r  support  s t r u c t u r e  ( a t  each end of t h e  c o l l e c t o r ) .  
Temperature d i f f e rence  
var ious  th icknesses  of  aluminum c o l l e c t o r s ,  and f o r  a range 
of c o l l e c t o r  lengths .  From t h i s  s impl i f i ed  a n a l y s i s  it can 
be concluded t h a t  a near ly  uniform temperature p r o f i l e  can be 

maintained i n  aluminum c o l l e c t o r s  of  a few m i l  th ickness  
with lengths  o f  about one foo t .  

To - TR i s  shown i n  Figure F 3  f o r  
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I h e a t  r a d i a t i o n  
t o  c o l l e c t o r ,  

genera t ion ,  2 
h,/s, w a t t / m  2 i ) l * / ~ ,  w at t /m 

F I G ,  F1 - H e a t  genera t ion  and hea t  f l o w  i n  vacuum d i e l e c t r i c  
e l ec t rogene ra to r .  
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FUEL-ELEMENT FABRICATIO 

A number of methods of fabric 
fuel elements have been studied 

oratories, and the results of that stud reported in 
the following pages. 

Another fabrication method has been described* as follows. 
A 5- or 10-mil aluminum or nickel disc of 1.5-inch diameter 
or larger, can be recessed to a 2-  or 3-mil depth on one 
side (or probably both faces). A small peripheral land would 
remain. The recess would be filled with promethium-147-oxide 
powder and sintered in place. A 50- or 100-microinch nickel 
foil could be permanently fastened to the peripheral land, to 
seal the fuel layer if desired. 

From the information described in this appendix, it can be 
concluded that fabrication of fuel elements to the ACCENT 
system is within the present state-of-the-art. i i  

* Andelin, R. W. : private communication from D. W. Douglas 
Laboratories. (20 November 1967). 



ACCENT ELECTROGENERATOR FABRICATION 
FEASIBILITY STUDY 

t o  
THE DANE COMPANY 

B O X  668 
FORT COLLINS, COLORADO 

December 9, 1967 

P A C I F I C  NORTHWEST LABORATORIES 

a d i v i s i o n  o f  

BATTELLE MEMORIAL INSTITUTE 

3000 S tevens  D r i v e  
R i c h l a n d ,  Wash ing ton  99352 

B a t t e l l e  i s  n o t  engaged i n  r e s e a r c h  f o r  a d v e r t i s i n g ,  s a l e s  
p r o m o t i o n ,  o r  p u b l i c i t y ,  and t h i s  r e p o r t  may n o t  be r e p r o -  
duced i n  f u l l  o r  i n  p a r t  f o r  such pu rposes .  



G 3  

A s t u d y  was made t o  d e t e r m i n e  t h e  f a b r  e a s i b i l i t y  o f  
advanced t h i  p l a t e  r a d i o i s o t o p i c  f u e l  
g e n e r a t o r .  Two b a s i c  f u e l  f o r m  concep 
a h i g h  volume p e r c e n t  c e r a m i c  phase c e r m e t  and a r a d i o i s o t o p i c  
c e r a m i c  c o a t e  l i g h t  m e t a l  f o i l .  

P e r t i n e n t  f a b r i c a t i o n  t e c h n i q u e s  were r e v i e w e d  and p r o m i s i n g  
methods were i n v e s t i g a t e d  e x p e r i m e n t a l l y  u s i n g  s t a n d - i n  
m a t e r i a l s  f o r  t h e  r a d i o i s o t o p i c  c e r a m i c s .  F a b r i c a b i l i t y  was 
e s t a b l i s h e d  f o r  b o t h  c o n c e p t s ,  and p r o c e s s e s  were o u t l i n e d  
u t i l i z i n g  a v a i l a b l e  t e c h n o l o g y .  

i 

The most p r o m i s i n g  sequence f o r  t h e  c e r m e t  p l a t e  c o n f i g u r a t i o n  
appears  t o  be:  

P r e p a r a t i  on o f  dense r a d i  o i  soto 'p i  c o x i d e  p a r t i  c l  es i n  
t h e  7 t o  7 5  m i c r o n  s i z e  range .  

P r o v i s i o n  of  a 10  t o  20 v o l %  m e t a l  c o a t i n g  on t h e  
c e r a m i c  p a r t i c l e s  b y  c h e m i c a l  v a p o r  d e p o s i t i o n .  

C o n s o l i d a t i o n  o f  t h e  c o a t e d  p a r t i c l e s  b y  h o t  p r e s s '  
t o  f o r m  a 0.006 i n c h  t h i c k  p l a t e  h a v i n g  97% o f  
t h e o r e t i c a l  d e n s i t y .  

The most  p r o m i s i n g  p r o c e s s  f o r  t h e  l a m i n a t e d  m a t e r i a l  appears  
t o  be  vacuum v a p o r  d e p o s i t i o n  o f  t h e  r a d i o i s o t o p i c  compound 
o n t o  a l i g h t  m e t a l  f o i l  s u b s t r a t e .  A d h e r e n t  c o a t i n g s  h a v i n g  
e x c e l l e n t  t h i c k n e s s  u n i f o r m i t y  were o b t a i n e d  b y  e l e c t r o n  beam 
e v a p o r a t i o n  o f  t h e  s t a n d - i n  m a t e r i a l  I RF d i o d e  
s h o u l d  p r o d u c e  h i g h e r  d e p o s i t i o n  r a t e s  and b e t t e r  c o n t r o l  o f  
t h i c k  f i l m  i n t e g r i t y .  
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FORT COLLINS, 

INTRODUCTION 

Advanced d i r e c t  energy conversion system concepts have created 
a need fo r  new composite ma te r i a l s  formed o f  r ad io i so top ic  
ceramics and  l i g h t  metals.  System design requirements d i c t a t e  
a t h i n  p l a t e  geometry f o r  these ma te r i a l s .  
isotopes a re  promethium-147 a n d  strontium-yttrium-90. 

There a r e  two forms of composite mater ia l s  which appear t o  be 
congruent with the e l ec t rogene ra to r  design requirements: 

Candidate radio-  

A laminated composite cons i s t ing  of a 0.002 inch thick 
coat ing o f  promethium oxide on each s i d e  of a 0.002 
inch th i ck  l i g h t  metal f o i l .  

A promethium ox ide - l igh t  m e t a l  cermet containing on 
the order  of  80 v o l %  of the r ad io i so top ic  ceramic, 
a n d  h a v i n g  a thickness  o f  0.006 inch. 

Although both approaches appear t o  b e  t echn ica l ly  f e a s i b i l e  !sing 
cu r ren t ly  ava i l ab le  technology a n d  minimal development work,  
appl icable  f a b r i c a t i o n  techniques d i f f e r  f o r  the two systems. 
A d i f f e rence  i s  a l s o  seen i n  the  number of processing s t eps  
required t o  o b t a i n  the end product i n  each case.  For  these  
reasons,  the di-scussion sec t ion  of t h i s  r epor t  i s  divided i n t o  
two main s e c t i o n s .  

The f i r s t  s ec t ion  wi l l  deal with the cermet p l a t e  
approach, a n d  w i l l  o u t l i n e  po ten t i a l  processes,  exper i -  
mental r e s u l t s  and a recommended recess sequence. 

The second p a r t  o f  t he  discussion sec t ion  wi l l  deal 
with the laminated composite. Po ten t i a l  f a b r i c a t i o n  
techniques,  experimental r e s u l t s ,  a n d  a recommended 
process wi l l  be discussed.  

i 
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Since the  u l t imate  choice of a mater ia l  type f o r  development 
1 i es  w i t h  the e l  ec t rogenera tor  system desi  gners , no absol Ute 
comparison between the d e s i r a b i l i t y  of the two ma te r i a l s  h a s  
been attempted. 
pared in  the conclusions sec t ion  of the  repor t  s o l e l y  on the 
bas i s  o f :  

The cermet and laminated composites a r e  com- 

Relat ive process development d i f f i c u l t y .  

* Probable dimensional control u s i n g  ava i l ab le  technology. 

0 Maximum p l a t e  s i z e  poten t ia l  without development of 
jo in ing  processes .  

A p r e fe r r ed  mater ia l  form i s  ind ica ted  i n  the  conclusions sec t ion .  
Preference i s  based on the f a b r i c a t i o n  considerat ions l i s t e d  
above a n d  on  cu r ren t ly  ava i l ab le  experimental da ta .  

SCOPE - 
The purpose of t h i s  study has been t o  assess  the f ab r i ca t ion  
f e a s i b i l i t y  of rad io iso tope  fue l - l aye r  design concepts f o r  the 
A C C E N T  e l ec t rogene ra to r .  

Two bas ic  design concepts have been considered: 

e A cermet containing approximately 80 volX rad io i so top ic  
ceramic as a discontinuous phase within a continuous 
l i g h t  metal matrix.  

A laminated composite cons i s t ing  of 0.002 inch thick 
coat ings o f  r ad io i so top ic  ceramic on b o t h  s ides  o f  a 
0.002 inch th ick  l i g h t  metal subs t r a t e .  

A1 t h o u g h  two candidate  rad io iso topes  were considered, namely 
147promethium a n d  90stront ium-yt t r ium, primary considerat ion . 
was given t o  147promethium because of l e s s  s t r i n g e n t  sh i e ld ing  
requi rements. 

Conclusions a re  presented,  aff i rming the f a b r i c a t i o n  f e a s i b i l i t y  
o f  b o t h  rad io iso tope  fue l - l aye r  design concepts.  
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I n v e s t i g a t i o n  h a s  been l i m i t e d  t o  the  f e a s i b i l i t y  o f  material  
f a b r i c a t i o n .  
r e - e n t r y  and impact  packaging were n o t  cons ide red  i n  t h i s  s t u d y .  

System des ign  f a c t o r s  such as s h i e l d i n g ,  v i b r a t i o n ,  

DISCUSS ION 

A number o f  p o t e n t i a l l y  u s e f u l  p r o c e s s e s  were cons ide red  as 
c a n d i d a t e  p r o c e s s e s  f o r  f a b r i c a t i o n  of  p l a t e  geometry f u e l s  f o r  
t h e  e l e c t r o g e n e r a t o r .  These i n c l u d e d :  

Cermet f a b r i c a t i o n  p r o c e s s e s  

Vacuum vapor  d e p o s i t i o n  

Flame s p r a y i n g  

* E l e c t r o p h o r e t i c  c o a t i n g  

The f i r s t  f o u r  of these f a b r i c a t i o n  approaches were cons ide red  
t o  be most promis ing  w i t h i n  t h e  c o n t e x t  of c u r r e n t l y  a v a i l a b l e  
technology.  

The f o l l o w i n g  d i s c u s s i o n  i s  l imi t ed  t o  a c t u a l  expe r imen ta l  d a t a  
o b t a i n e d  a t  B a t t e l l e - N o r t h w e s t .  The d i s c u s s i o n  i s  d i v i d e d  i n t o  
two s e c t i o n s ,  t h e  f i r s t  o f  which d e a l s  w i t h  cermet  f a b r i c a t i o n  
and t h e  second w i t h  coa ted  f o i l  t echn iques .  

C E R M E T  FABRICATION 

Experiments  were conducted w i t h  h i g h  d e n s i t y  Sm20g p a r t i c l e s  a s  
a s t a n d - i n  f o r  Pm203. Cermets were p repa red  u s i n g  conven t iona l  
powder me ta l lu rgy  t e c h n i q u e s  ( i . e . ,  c o n s t i t u e n t  b lending  fo l lowed  
by c o n s o l i d a t i o n ) .  

Cold Pressing 

Figure 1 shows 66 vo l% Sm203-34 v o l %  A1 p l a t e s  formed by c o l d  
pressing blended powders a t  60,000 ps i .  Four ,  2 . 4  inch d i a m e t e r  

i 
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Thickness Densi t 
P l a t e  ( inches )  ( 9 / C m 3 7  

1 0.008 3.8 66 
2 0.013 3.6 63 
3 0.018 3.4 59 
4 0.035 3.9 67 

The cold pressed Sm203-A1 p l a t e s  held toge the r  s u f f i c i e n t l y  well 
f o r  handl ing.  
t o  the  edge of t he  sample. 
proper sur fac ing  of the  pressing d i e  faces .  

A dense cermet can be produced by repeated cold pressing and hea t  
t reatment  s t r e s s  r e l i e f .  The process ,  ca l l ed  coining,  i s  a 
s tandard  powder metal1 urgy technique. 

A dens i ty  g rad ien t  was observed from t h e  c e n t e r  
T h i s  e f f e c t  could be a l l e v i a t e d  by 

1 

Pneumatic Impacti on 

Figure 2 i l l u s t r a t e s  t he  micros t ruc ture  of a dense 66 v o l %  
Sm2O3-A1 cermet produced by pneumatic impaction of blended 
Sm203 and aluminum powders. 

H i g h  dens i ty  Sm203 was prepared by pneumatic impaction o f  low 
dens i ty  powder. The consol ida ted  samaria was crushed and 
screened t o  o b t a i n  angular  p a r t i c l e s  i n  a -70 +150 p s i z e  
range. Further processing was a s  follows: 

Figure 2 i l l u s t r a t e s  t he  micros t ruc ture  of a dense 66 v o l %  
Sm2O3-A1 cermet produced by pneumatic impaction of blended 
Sm203 and aluminum powders. 

H i g h  dens i ty  Sm203 was prepared by pneumatic impaction o f  low 
dens i ty  powder. The consol ida ted  samaria was crushed and 
screened t o  o b t a i n  angular  p a r t i c l e s  i n  a -70 +150 p s i z e  
range. Further processing was a s  follows: 
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F I G U R E  2. Pneumatically Impacted 66 v o l %  Sm203-Al Cermet 



G 1 0  

* Samaria  powders were c o a t e d  w i t h  a carbowax b i n d e r  and 
agglomera ted  metal  1 i c c o a t i n g s  were produced by r o l l  i ng  
i n  1 t o  2 d i ame te r  aluminum powder. 

% 33 vo l% -325 a l u & i # u m  powder. 

impact ion  a t  590 "C and 225,000 psi ,  

A l u m i n u m  c o a t e d  Sm 0 p a r t i c l e s  re then mixed w i t h  

The blended c o n s t i t u e n t s  were c o n s o l i d a t e d  by pneum 

As shown i n  F igu re  2 ,  d i s t r i b u t i o n  o f  Sm203 p a r t i c l e s  w i t h i n  
t h e  cermet  i s  f a i r l y  uniform.  Improvements could  be made by 
c l o s e r  c o n t r o l  of p a r t i c l e  s i z e  and b lending  p rocesses .  The 
s l i g h t  amount of p o r o s i t y  seen  i n  t h e  sample may be t r a c e a b l e  
t o  t h e  wax b i n d e r  o r  may be t h e  r e s u l t  of impact ion  parameters .  
Refinement of  t h e  p rocess  could  y i e l d :  

Decreased p o r o s i t y  

An improved ceramic  phase d i s t r i b u t i o n  

A more cont inuous  m e t a l l i c  phase 

A higher  pe rcen tage  of  t h e  ceramic  phase 

The t h i n n e s t  p l a t e  produced by pneumatic impact ion  was 0.010 
inch  t h i c k .  Extens ion  o f  c u r r e n t  technology t o  p l a t e s  having 
t h i c k n e s s e s  of % 0 . 0 0 6  inch  i s  t h e r e f o r e  q u i t e  r easonab le .  

Cermet F a b r i c a t i o n  Recommendations 

One s i g n i f i c a n t  d i f f i c u l t y  encountered  w i t h  cermet  f a b r i c a t i o n ,  
e s p e c i a l l y  w i t h  the  r e q u i r e d  t h i n  p l a t e  geometry and h i g h  
(80 t o  90 ~ 0 1 % )  ceramic  phase c o n t e n t ,  i s  fo rma t ion  o f  a con- 
t i n u o u s  metal  phase.  A m i c r o s t r u c t u r e  c o n s i s t i n g  o f  a d i s -  
con t inuous  ceramic  phase ,  un i formly  d i s p e r s e d  w i t h i n  a c o n t i n -  
uous,  low vo l% l i g h t  metal  phase must be achieved  i f  maximum 
s t r eng th  i s  t o  be o b t a i n e d .  
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F a b r i c a t i o n  o f  m a t e r i a l  having such a m i c r o s t r u c t u r e  i s  dependent 
on  a c h i e v i n g  an o p t i m u m  packing ( >  80% T D )  of ceramic  p a r t i c l e s ,  
sur rounded by me ta l ,  p r i o r  t o  d e n s i f i c a t i o n .  

V ib ra to ry  compaction of meta l -coa ted  ceramics  
two or t h r e e  p a r t i c l e  s i z e  ranges has been use 
Northwest t o  ach ieve  such l o a d i n g .  

Dense promethia  microspheres  have been produced by plasma 
s p h e r o i d i z a t i o n  a n d  coa ted  w i t h  r e f r a c t o r y  metal  by chemical 
v a p o r  d e p o s i t i o n ( ' ) .  
d e p o s i t i o n  t echn iques  a r e  a v a i l a b l e  f o r  producing l i g h t  metal 
c o a t i n g s  ( e . g . ,  aluminum(')) , and a l t e r n a t e  ceramic powder 
d e n s i f i c a t i o n  and p a r t i c l e  s i z e  c o n t r o l  methods have been 
e s t a b l i s h e d  f o r  a n g u l a r  P m 2 0 3  p a r t i c l e s .  

A l t e r n a t e  p rocesses  f o r  producing uniform, h i g h  d e n s i t y  micro- 
sphe res  i n  s i z e  ranges o f  i n t e r e s t  i n c l u d e  t h e  s o l  gel p rocess .  
T h i s  p rocess  i s  a p p l i c a b l e  t o  Pm2035 and economical use o f  t h e  
oxide  could be expec ted .  

Well e s t a b l i s h e d  chemical vapor 

Recommended Process  Sequence 

A recommended p rocess ing  sequence for  producing a 0.006 inch 
t h i c k  cermet  of 80 t o  90 v o l %  P m 2 0 3  i s  as  fo l lows :  

Produce dense ,  p a r t i c u l a t e  promethia  i n  s u i t a b l e  
p a r t i c l e  s i z e  ranges  and geometry f o r  optimum h i g h  
d e n s i t y  load ing .  

C o a t  the '  p a r t i c l e s  by chemical vapor  d e p o s i t i o n  w i t h  
t h e  d e s i r e d  volume p e r c e n t  l i g h t  metal  ( e . g . ,  10 t o  

Load  t h e  coa ted  p a r t i c l e s  by v i b r a t i o n a l  compaction 
i n t o  a p r e s s i n g  mold, producing a c l o s e  packed con- 
f i g u r a t i o n  of > 80% o f  t h e o r e t i c a l  d e n s i t y .  

impact ion o r  h o t  p r e s s i n g  t o  > 95% of t h e o r e t i c a l  d e n s i t y .  

20 v o l % )  . 

Conso l ida t e  the h i g h  d e n s i t y  cermet preform by pneumatic 
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The m i c r o s t r u c t u r e  o f  t h e  r e s u l t a n t  
u n i f o r m l y  d i s p e r s e d  Pm203 p a r t i c l e s  as 
w i t h i n  a c o n t i n u o u s ,  u n i f o r  

LAMINATED C O M P O S I T E  F A B R I C A T I O N  

T h r e e  e x p e r i m e n t a l  approaches were u s e d  t o  i n v e s t i g a t e  t h e  
f a b r i c a b i l i t y  o f  a 0.006 i n c h  t h i c k  p l a t e  c o n s i s t i n g  o f  a 
0.006 i n c h  t h i c k  c o a t i n g  o f  Pm203 on a 0.002 i n c h  t h i c k  l i g h t  
m e t a l  f o i l :  

E l e c t r o p h o r e t i c  p l a t i n g  

Flame s p r a y i n g  

* Vacuum v a p o r  d e p o s i t i o n  

Samar ia  was used  where p o s s i b l e  as a s t a n d - i n  m a t e r i a l  f o r  
p r o m e t h i a .  A lumina  was used  f o r  f l a m e  s p r a y i n g  e x p e r i m e n t s .  

E l e c t r o p h o r e t i c  P1 a t i  n g  

A 0.0005 i n c h  t h i c k  c o a t i n g  o f  m i c r o n i z e d  Sm203 was a p p l i e d  t o  
b o t h  s i d e s  o f  a s h e e t  o f  0.003 i n c h  t h i c k  a lum inum f o i l  b y  
e l e c t r o p h o r e t i c  p l a t i n g .  A s l u r r y  o f  n i  t romethane ,  i s o p r o p y l  
and m i c r o n i z e d  Sm203 was used,  w i t h  a power l e v e l  o f  16  ma a t  
150V DC. 

The c o a t i n g  appeared  t o  be u n i f o r m ,  b u t  d i d  n o t  adhere  w e l l  t o  
. F o i l  s u r f a c e  t r e a t m e n t s ,  p 

r e a t m e n t s  m i g h t  be  t r i  
s does n o t  appear  t o  be u s a b l e  w i t h o u t  
work.  

F1 ame S p r a y i n g  

Flame s p r a y i n g  was i n v e s  i g a t e d  u s i n g  c o n v e n t i o n a l  o x y a c e t y l e n e  
e q u l  pment and c p m q e r c i  a ]  l y  a v a i  1 ab1 e a1 umi na f 1 ame s p r a y  powder. 
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Coat ings  were produced on 0.001 and 0.0035 inch t h i c k  aluminum 
f o i l .  Although c o a t i n g  adherance was good, un i fo rmi ty  was n o t  
good on  t h e  micro s c a l e .  

F igure  3 i s  a photomicrograph of  a s e c t i o n e d ,  f lame-sprayed 
c o a t i n g  of alumina on aluminum f o i l .  Foi l  t h i c k n e s s  i s  0.0035. 
Poor c o a t i n g  un i fo rmi ty  i s  s e e n ,  a n d  voids  a r e  a l s o  observed 
i n  t h e  a lumina.  

Process  r e s u l t s  could p r o b a b l y  be improved by changes i n  t h e  
f eed  m a t e r i a l  geometry ( e . g . ,  a f i n e r  p a r t i c l e  s i z e  o r  a r o d  
s p r a y i n g  approach)  and paramet r ix  r e f inemen t .  No d i r e c t l y  
a p p l i c a b l e  exper imenta l  d a t a  i s  a v a i l a b l e  on t h e  response  of 
Pm203 o r  Sm203 t o  such p rocess ing .  

Vacuum Vapor  Depos i t ion  of Sm2C3 

Phys ica l  v a p o r  d e p o s i t i o n  of samarium was achieved by e l e c t r o n  
beam evapora t ion  i n  vacuum. Deposi t ion r a t e s  were h igh ,  with 
a maximum of approximate ly  1 . 8  microns per  minute a t  a d i s t a n c e  
of 1 4  i n c h e s .  Coat ings from 0.0005 t o  0.0015 inches  i n  t h i c k -  
ness  were a p p l i e d  t o  g l a s s  a n d  t o  aluminum f o i l  s u b s t r a t e s .  
Samaria c o a t i n g s  on  aluminum f o i l  a r e  shown i n  t h e  photomicro- 
g r a p h s  i n  F igure  4. Sec t ioned  c o a t i n g s  show e x c e l l e n t  un i fo rmi ty .  

A 1  t h o u g h  c r a z i n g  was observed i n  0 .0005 inch  t h i c k  Sm203 f i l m s  
on g l a s s ,  c o a t i n g  adherance appears  t o  be e x c e l l e n t .  
t h e  c r a z i n g  seen  i n  F igure  5 i s  be l i eved  due t o  h y d r a t i o n  of 
t h e  samar ia  fo l lowing  a one week exposure t o  a tmospher ic  con- 
d i t i o n s .  The i n t e r f e r e n c e  f r i n g e s  i n  F igure  6 ,  a phot'omicro- 
graph of samar ia  on  g l a s s ,  i n d i c a t e  t h e  deg ree  of u n b o n d i n g  
fo l lowing  h y d r a t i o n  o f  t h e  Sm203 a f t e r  two weeks i n  a i r .  
i n t e r f e r e n c e  f r i n g e  r e p r e s e n t s  Q, 0.25 p, Conoscopic examinat ion 
of samar ia  on g l a s s  shows t h a t  an e p i t a x i a l  l a y e r  has been 
produced. 

P a r t  .o f  

Each 
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FIGURE 3 .  Flame  S p r a y e d  A1203 C o a t i n g  on 0 .0035 I n c h  Thick 
A1 u m i  n u m  Foi  1 
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~ 

% 0.0005 inch th ick  Sm203 

FIGURE 4. Vacuum Vapor Deposited Sm203 on Aluminum F o i l  
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> 0,001 i n c h  t h i c k  SmE03 

r\, 0.0005 i n c h  t h i c k  Sm203  

F I G U R E  5 .  S u r f a c e  o f  Vacuum D e p o s i t e d  S m 2 0 3  F i l m  o n  A l u m i n u m  
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F I G U R E  6. I n t e r f a c e  o f  a 0.0005 I n c h  T h i c k  Sm O3 C o a t i n g  and 
a Glass Substrate F o l l o w i n g  Two Weegs i n  A i r  
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Use of RF diode  s p u t t e r i n g  r a t h e r  than e l e c t r o n  beam evapora t ion  
shou ld  permi t  product ion  of a 0 .002  inch t h i c k  c o a t i n g  o f  Pm20g 
with  h i g h  d e p o s i t i o n  r a t e s  and e l i m i n a t i o n  of c raz ing .  Film 
un i fo rmi ty  by R F  s p u t t e r i n g  should  not  vary  by more than  0.5% 
o v e r  a s i x  inch d iame te r .  Uniformity can be f u r t h e r  refined by 
i n c o r p o r a t i n g  a r o t a r y  motion t o  average  o u t  v a r i a t i o n s  i n  t he  
d e p o s i t i o n  r a t e  d u e  t o  sou rce  d i s t a n c e  and preferred e v a p o r a t i n g  
d i  r e c t i  on.  

CONCLUSIONS AND RECOMMENDATIONS 

S u f f i c i e n t  d a t a  h,as been obta ined  t o  draw conc lus ions  r ega rd ing  
t h e  f a b r i c a b i  1 i t y  of f u e l  p l a t e s  f o r  t h e  ACCENT e l e c t r o g e n e r a t o r .  
These conc lus ions  a r e  based on exper imenta l  d a t a  and firm d a t a  
on e x i s t i n g  p rocess  c a p a b i l i t i e s .  

S ince  s t a n d - i n  m a t e r i a l s  were used i n  t h e  expe r imen ta t ion  
d e s c r i b e d  above, the  a p p l i c a t i o n  o f  t h e s e  p rocesses  t o  r a d i o -  
a c t i v e  m a t e r i a l s  w i l l  p r e s e n t  a d d i t i o n a l  p rocess  requi rements .  
S t and- in  m a t e r i a l s  have been used i n  t h e  p a s t  and have provided 
r e s u l t s  w i t h  e x c e l l e n t  c o r r e l a t i o n .  No unusual problems a r e  
f o r e s e e n  i n  t r a n s f e r r i n g  t h e  technology from s t a n d - i n  t o  r a d i o -  
a c t i v e  m a t e r i a l s .  

J 

FABRICATION FEASIBILITY 

Ei ther  o f  t h e  f u e l  form c o n f i g u r a t i o n s  f o r  the  e l e c t r o g e n e r a t o r  
a r e  f e a s i b l e  from a f a b r i c a b i l i  t y  s t a n d p o i n t ,  u s i n g  c u r r e n t l y  
avai  1 ab1 e techno1 ogy. 

P R O C E S S  RECOMMENDATIONS 

The phys ica l  vapor  d e p o s i t i o n  p r o c e s s ,  s p e c i f i c a l l y  R F  s p u t t e r -  
i n g ,  appea r s  t o  be the  most a t t r a c t i v e  approach t o  f a b r i c a t i o n .  
T h i s  approach appea r s  t o  be advantageous i n  the  fo l lowing  r e s p e c t s :  

ii 
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* Lower developmental  c o s t s  and s h o r t e r  prog 

Dimensional c o n t r o l  r e f inemen t  inherent  i n  

G r e a t e r  p l a t e  s i z e  p o t e n t i a l  f o r  more f l e x i b l e  system 
des ign  

Minimal p r o c e s s i n g  r e q u i r e d  t o  o b t a i n  end product  

P o t e n t i a l  f o r  con t inuous ,  automated p rocess  p rov id ing  
a h i g h  l e v e l  of  q u a l i t y  a s su rance  

In a d d i t i o n ,  t h e  process  can be used t o  add p r o t e c t i v e  c o a t i n g s  
t o  t h e  r a d i o i s o t o p e  l a y e r  ( e . g . ,  a 4,000 t o  10,000 angstrom 
aluminum c o a t i n g ) .  

The fo l lowing  q u a l i f i c a t i o n s  a r e  added f o r  c o n s i d e r a t i o n  by 

t h e  system d e s i g n e r s .  

The c o s t  d i f f e r e n t i a l  between the  development o f  a 
cermet  fue l  form and a lamina ted  f u e l  form would no t  
b e  very  g r e a t .  

Non-planar c o n f i g u r a t i o n s  could  b e  produced r e a d i l y  
by cermet  f ab r i  c a t i  on. 

The c h o i c e  of m a t e r i a l  concepts  i s  t h u s  p r i m a r i l y  a system 
des ign  c h o i c e ,  and should.  be based on the importance of  a 
v a r i e t y  o f  f a c t o r s .  The a n t i c i p a t e d  m a t e r i a l  r equ i r emen t s  
f o r  a second g e n e r a t i o n  system should  a l s o  be cons ide red .  
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